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Summary 


Lundberg  and  Palmgren  of  ABSKF  Sweden  have  predicted  the 
fatigue  life  of  rolling  element  bearings  according  to  theoretical 
and  empirical  factors  based  on  1950  technology.  Newer  materials 
and  processing  techniques  are  now  providing  the  means  to  improve 
bearing  life.  Since  1950  a considerable  amount  of  information 
has  been  generated  on  bearings  manufactured  from  materials  other 
than  conventional  52100  steel.  In  addition,  the  effects  of 
certain  bearing  operational  parameters  on  bearing  life  have  been 
studied.  As  a consequence,  modifying  factors,  accounting  for 
the  influence  of  materials,  processing  techniques  and  machine 
operational  characteristics,  i.e.  oil  film  thickness  and  speed, 
have  been  defined  and  are  now  employed  in  the  estimation  of 
bearing  life. 

The  newest  industry  formulation  of  the  rolling  bearing  life 
calculation  equation  is  Lio  = a-^  a2  a3  (C/P)w,  where  w is  3 for 
point  contact  and  10/3  for  line  contact.  Life  adjustment 
factors,  a a2,  and  aj,  allow  the  user  to  take  advantage  of 
increases  in  bearing  life  produced  by  technological  advances. 

One  of  these  factors,  a2 , is  related  to  the  material  composition 
and  material  processing  variables.  It  is  an  important  consider- 
ation in  rating  bearings  for  Army  helicopter  applications  where 
vacuum  processed  M-50  tool  steel  is  most  commonly  used. 

The  Department  of  the  Army  has  a need  to  verify  the  mater- 
ial and  lubrication  life  factors  of  rolling  element  bearing  life 
calculations  in  order  to  more  accurately  rate  the  life  potential 
of  bearings  from  all  manufacturing  regardless  of  material  used 
over  the  entire  range  of  service  applications  seen  in  Army 
helicopters. 

\ 

This  report  presents  the  results  of  a survey  accumulating 
life  results  achieved  from  bearings  manufactured  from  M-50  tool 
steel.  Life  data  have  been  analyzed  according  to  an  existing 
computer  pro  gram  ^TABACY**'*.  Material  and  lubrication  factors 
have  been  determined  using  this  data  base,  enabling  a more 
accurate  calculation  of  the  potential  life  of  a bearing. 

In  addition,  this  report  includes  experimental  endurance 
life  data  obtained  on  three  groups  of  rolling  element  bearings 
manufactured  of  Vacuum  Induction  Melted  Vacuum  Arc  Remelted 
(VIMVAR)  M-50  steel.  The  three  bearing  designs,  all  of  which 
have  a 45  mm  internal  diameter,  consist  of  a deep  groove  ball, 
an  angular  contact  ball,  and  a cylindrical  roller  configuration. 
These  types  have  been  run  under  several  operational  conditions 
using  circulating  Mobil  Jet  II  synthetic  lubricating  fluid 
(MIL-L- 23699) . 
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PREFACE 


This  report  presents  the  results  of  an  analytical  and  exper 
imental  study  conducted  by  SKF  Technology  Services  for  the  U.  S. 
Army  Aviation  Research  and  Development  Command,  St.  Louis, 
Missouri  63166  under  Contract  No.  DAAK50-77-C-0009 . This 
report  encompasses  effort  conducted  fromJL8  December  1977  to 
1 April  1979. 

Technical  direction  for  the  U.  S.  Army  was  provided  by 
Mr.  Harold  Schuetz,  the  Contracting  Officers  Representative. 

The  principal  investigators  from  the  SKF  Mechanical  Labor- 
atories who  worked  on  this  project  were  Mr.  N.  J.  Ninos  - 
Scientist  and  Project  Leader;  Mr.  F.  R.  Morrison  - Supervisor, 
under  whose  direction  the  work  was  accomplished;  Mr.  J.  I. 
McCool  - Senior  Mathematician  who  performed  the  statistical  data 
analysis*,  and  Mr.  G.  Hughes  - Senior  Metallurgist  who  performed 
the  metallurgical  analysis  of  certain  failed  hardware. 
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I.  INTRODUCTION 

A.  Background  and  Objectives 

Rolling  element  bearing  fatigue  life  was  originally  quan- 
tified through  life  prediction  theories  developed  by  Lundberg- 
Palmgren  [1  and  2],  Subsequently,  these  theories  were  adopted 
by  the  International  Standards  Organization,  the  American 
National  Standards  Institute  and  the  majority  of  rolling  bearing 
manufacturers  in  the  world  as  the  primary  means  of  predicting 
bearing  lives  for  potential  applications.  The  empirical  factors 
included  in  these  theories  were  based  on  52100  type  steel  bearing 
data  collected  prior  to  1950. 

According  to  the  formulas  developed  by  Lundberg  and  Palmgren, 
the  estimated  life  that  90%  of  a group  of  bearings  will  achieve 
or  10%  of  the  bearings  will  fail  before  are: 


for  Ball  Bearings 


C 3 

L10 


for  Roller  Bearings  Ljq  = (p) 


10/3 


where : 


Bearing  life  in  millions  of  revolutions 

Basic  bearing  load  rating  in  pounds  (Bearing  Catalog 
Value)  which  will  give  a life  of  one  million 
revolutions 

Equivalent  bearing  load,  lbs. 


[1]  Lundberg,  G.  and  Palmgren  A.,  "Dynamic  Capacity  of  Rolling 
Bearings",  Acta  Polytechnica , Mechanical  Engineering  Series 
1,  Proceedings  of  the  Royal  Swedish  Academy  of  Engineering, 
Vol . 7,  No.  3,  1947. 

[2]  Lundberg,  G.  and  Palmgren  A.,  "Dynamic  Capacity  of  Roller 
Bearings",  Proceedings  of  the  Royal  Swedish  Academy  of 
Engineering.  Vol.  2,  No.  4,  1952. 
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However,  current  technological  advances  in  improved  bearing 
design,  materials  and  manufacturing  techniques  have  significantly 
increased  the  fatigue  life  of  bearings.  Thus  life  predictions  by 
the  Lundberg-Palmgren  method  may  be  excessively  conservative  and 
a new  life  calculation  technique  is  required  to  account  for  the 
life  improvements  achieved.  In  addition,  a better  understanding 
of  the  influence  of  certain  operational  factors  on  bearing  per- 
formance and  longevity  has  been  established.  These  parameters 
are  now  taken  into  consideration  when  determining  the  expected 
life  of  a bearing  according  to  the  following  formula: 


LA  = al  a2  a3  L10 

where : 

= the  adjusted,  expected  theoretical  bearing  life 

a^  = life  adjustment  factor  for  reliability  (90$=1) 

a£  = life  adjustment  factor  for  material 

a^  = life  adjustment  factor  for  operating  conditions, 

i.e.  film  thickness 

The  life  adjustment  factors,  a^ , a2 , and  aj,  have  been 
included  to  allow  the  user  to  take  advantage  of  increases  in 
bearing  life  produced  by  technological  advances.  One  of  these 
factors,  a2,  is  related  to  the  material  composition  and  material 
processing  variables.  It  is  an  important  consideration  in  rating 
bearings  for  Army  helicopter  applications  where  vacuum  processed 
M-50  tool  steel  is  most  commonly  used. 

At  the  present  time  the  values  assigned  to  the  a2  a3  factors 
for  these  calculations  vary  and  depend  upon  the  combination 
of  airframe  or  engine  manufacturer  and  bearing  supplier  involved 
in  each  individual  design  case.  Reasons  given  for  the  existence 
of  these  variations  range  from  differences  in  experimentally 
collected  life  data,  to  differences  in  environmental  conditions 
which  do  not  take  into  account  the  influence  of  the  a 3 lubri- 
cation factor.  The  ambiguity  in  the  calculation  of  the  theoret- 
ical life  of  a given  bearing  design  causedby  the  inconsistency 
in  the  values  assigned  to  these  factors  makes  it  difficult  to 
evaluate  the  potential  adequacy  of  a proposed  helicopter  system 
design.  The  need  exists,  therefore,  to  establish  a consistent 
base  value  of  a2  for  vacuum  melt  M-50  material,  and  to  examine 
the  quantification  of  the  material  - lubrication  factor  combination 
a2  33  in  order  to  provide  a life  modification  function  valid 
over  the  entire  range  of  conditions  encountered  in  helicopter 
appl ications . 


The  direct  establishment  of  a factor  modifying  the  bearing 
life  formula  is  an  extensive  task.  Rolling  bearing  life  is  a 
statistical  function  that  contains  a significant  degree  of 
scatter  within  any  one  experimental  lot.  Furthermore,  signif- 
icant life  variations  are  noted  between  experimental  lots  by  as 
yet  undefined  variations  of  material  melt  lot,  manufacturing  pro- 
cesses, environmental  conditions,  etc.  Therefore,  it  is  necess- 
ary to  consider  a large  volume  of  data  prior  to  the  establishment 
of  a statistically  valid  life  modifying  factor. 


A significant  amount  of  life  test  data  accumulated  under  a 
variety  of  test  conditions  now  exist  from  bearing  and  element 
test  specimens  which  were  manufactured  of  vacuum  processed,  CVM 
(consumably  vacuum  melted)  and  VIMVAR  (vacuum  induction  melted, 
vacuum  arc  remelted)  M-50  tool  steel.  These  data  have  now  been 
compiled  along  with  the  respective  test  conditions,  and  form  the 


basis  for  the  derivation  of  a value  for  the  material  factor  a2 . 

Accordingly,  the  objectives  of  this  program  have  been  first 
to  collect  and  statistically  analyze  existing  bearing  life  data 
on  vacuum  melted  M-50  steel  and  secondly  to  generate  life  data 
on  three  specific  test  lots  of  bearings  manufactured  from  VIMVAR 
M-50  steel  material.  From  this  data  base,  preliminary  calcul- 
ations of  material  and  lubricant  factors  affecting  bearing  life 
have  been  established. 

Concurrently,  under  U.  S.  Army  Contract  No.  DAAK50-78-C- 
0027,  additional  bearing  life  data  are  being  accumulated  on 
angular  contact  ball  bearings.  These  data  will  be  combined  with 
that  reported  herein  at  a later  date  to  provide  better  estimates 
of  the  value  at  the  a2  material  factor  for  M-50  steel  prepared 
by  VIMVAR  processing. 
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B.  Statement  of  Work 


The  following  work  has  been  accomplished  by  SKF  Technology 
Services  according  to  the  agreement  outlined  in  Contract  No. 

DAAK50 - 77 -C- 0009 . Accordingly,  the  first  part  deals  with  a 
statistical  analysis  of  all  available  test  data  and  part  two 
involves  the  testing  of  full  size  bearings  as  explained  below. 

(1)  Part  I - Statistical  Analysis 

(a)  Establishment  of  Data  Base 

A data  base  has  been  established  by  conducting  a survey 
to  collect  those  M-50  tool  steel  life  data  which  are  currently 
available,  along  with  the  specific  information  as  to  the  test 
configuration,  test  specimen  design  and  test  conditions  utilized. 
These  data  consist  of  bearing  life  data  and  life  data  from 
element  test  specimens,  accumulated  through  literature  search, 
contact  with  government  testing  facilities  and  life  data  collect- 
ion agencies,  and  from  the  data  accumulated  through  SKF  conducted 
life  test  programs. 

(b)  Statistical  Analysis  of  Data 

These  data  have  been  reduced  to  an  equivalent  base  by  (1) 
recalculation  of  the  theoretically  predicted  life  using  the 
computer  program  "TABACY"  for  bearings  and  Lundberg  Palmgren 
techniques  for  the  test  elements,  (2)  identifying  the  value  of 
the  lubricant  factor  for  each  specific  set  of  test  conditions 
following  currently  accepted  practice  and  (3)  using  the  SKF 
computer  program  "MAXLIKE"  to  establish  the  experimental  Weibull 
parameters.  Experimental  material  factors  have  been  calculated 
for  each  test  lot,  and  the  population  as  a whole  has  been 
characterized  by  geometric  mean  material  value  along  with  its 
standard  deviation. 

(c)  Influence  of  Operational  and  Material  Factors 

Scatter  plots  were  prepared  to  determine  whether  the  material 
factor  exhibited  any  dependency  on  stress,  bearing  or  element 
test  size  and  ail  film  parameter. 
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(2)  Part  II  - Endurance  Tests  on  Rolling  Element  Bearings 

(a)  Description  of  Test  Bearing  Specimens 

Three  specific  life  tests  have  been  conducted  to  obtain 
specific  results  on  the  three  primary  variables  of  importance  to 
helicopter  applications,  i.e.  material  melting  practice,  speed 
of  operation,  and  bearing  configuration.  This  has  been  accom- 
plished by  endurance  testing  three  20  specimen  bearing  groups 
manufactured  of  VIMVAR  M-50  steel  and  identified  as  follows: 


Boundry  Dimensions -ran 

Figure  No. 

I.D. 

O.D. 

Width 

(1)  NU309  VCG  Cylindrical  Roller 
Bearing 

45 

100 

25 

1 

(2)  7209  VAP  .Angular  Contact  Ball 
Bearing 

45 

85 

19 

2 

(3)  6009  VAT  Deep  Groove  Ball 
Bearing 

45 

75 

15.8 

3 

The  above  test  bearings  are  not  those  originally  specified 
in  the  contract  work  statement.  Difficulties  encountered  at  the 
start  of  the  program,  prevented  the  testing  of  7309  B Angular 
Contact  Ball  Bearings  and  6309  Deep  Groove  Ball  Bearings  manu- 
factured of  VIMVAR  M-50  steel.  In  July  1978,  it  was  suggested 
to  the  government  and  subsequently  approved  by  the  Contracting 
Officers  representative  that  the  7209  VAP  and  6009  VAT  be  sub- 
stituted . 

(b)  Material  and  Lubrication  Factors 

The  results  of  the  endurance  tests  run  on  the  above  three 
bearing  types  have  been  statistically  integrated  into  the 
compilation  previously  obtained  and  the  life  variation  functions 
previously  established  have  been  re-evaluated.  A general  value  for 
the  M-50  material  factor  has  been  established  and  specific 
values  of  lubrication  and  material  factors  have  been  provided 
for  various  bearing  operating  ranges. 
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II.  M- 50  LIFE  DATA  COLLECTION  AND  ANALYSIS 
A.  Data  Collection 

The  initial  activity  of  the  analytical  phase  of  the  program 
was  the  establishment  of  a data  base  to  serve  as  a foundation  for 
the  determination  of  an  M-50  material  factor.  To  accomplish 
this,  life  test  data  on  M-50  steel  were  assembled  from  the  follow- 
ing sources: 

(1)  Published  data 

(2)  Contributed  files 

(3)  SKF  files 

In  the  course  of  searching  for  published  data,  a computer 
search  was  made  of  the  "ISMEC-MECH-ENGR"  (Information  Service 
Mechanical  Engineering,  Louisville,  Kentucky)  file  listing  of 
mechanical  engineering  references  and  abstracts  and  of  the  "NTIS" 
(National  Technical  Information  Service) file  containing  abstracts 
of  Government  sponsored  research.  The  search  yielded  respective 
totals  of  62  and  80  citations  in  the  general  subject  area. 

A query  was  also  made  of  the  "GIDEP"  (Government/Industry 
Data  Exchange  Program)  failure  rate  data  base,  but  the  only 
citations  located  were  found  to  be  applicable  to  wear  and  not 
fatigue . 

After  acquiring  and  reviewing  the  papers  of  potential 
interest,  a final  list  of  22  published  sources  of  M-50  rolling 
contact  endurance  experience  was  assembled.  This  list  is 
included  as  Appendix  A. 

In  addition,  a telephone  survey  was  made  in  order  to  locate 
unpublished  sources  of  M-50  endurance  data.  Major  jet  engine 
and  helicopter  manufacturers  were  among  those  called  as  well  as 
cognizant  Army,  Navy,  Air  Force  and  NASA  personnel.  If  the 
contact  indicated  that  applicable  data  existed  and  could  be  made 
available,  a followup  letter  requesting  the  forwarding  of  these 
data  and  the  specific  test  particulars  was  submitted.  A typical 
letter  of  this  type  is  given  in  Appendix  B.  A total  of  19  such 
letters  were  sent.  These  included  solicitation  letters  sent  to 
SKF  affiliate  companies  in  Canada,  England,  Germany,  France  and 
Sweden.  Letters  were  also  distributed  courtesy  of  the  Anti- 
friction Bearing  Manufacturers  Association  (AFBMA)  to  all 
participating  bearing  manufacturers  in  the  USA. 


Every  set  of  data  that  was  collected  was  assigned  a refer- 
ence number  of  the  form  YY-X.  The  first  two  digits  YY  represents 
the  year  of  publication  for  published  sources,  the  year  of 
receipt  for  private  sources,  and  the  year  of  testing  for  SKF  test 
data.  The  digit  X is  an  arbitrary  serial  index  to  distinguish 
between  data  sources  having  the  same  year  reference. 

B.  Data  Sources 

The  survey  conducted  established  48  data  sources  which  could 
be  included  in  the  data  base.  The  data  sources  listing  the 
following  information  are  presented  in  Appendix  C. 

(1)  A source  ref erence, e . g . a literature  citation  for  pub- 
lished sources,  a letter  of  transmittal  for  unpublished 
contributed  data  and  a test  series  or  report  number  for 
SKF  data  sources. 

(2)  The  type  of  test  i.e.  bearing  type  and  size  or  rig  type 
for  element  tests. 

(3)  The  number  of  test  groups  included. 

(4)  Sample  size(s)  of  each  test  lot. 

(5)  The  operating  parameters  controlled  in  conducting  the 
test  series. 

(6)  Remarks  i.e.  any  extenuating  circumstances  or  limit- 
ations. Material  type  is  also  listed  under  Remarks. 


Of  the  48  data  references  in  Appendix  C,  seven  were  sub- 
sequently omitted  from  the  data  base.  Some  reasons  for  omitting 
a data  source  were  (1)  insufficient  rig/test  details  to  establish 
the  validity  of  the  data,  (2)  the  unavailability  of  individiual 
data  points  or  Weibull  plots  and  (3)  rig  design  judged  to  be 
unrepresentative  of  typical  rolling  contact  fatigue  phenomena  as 
for  sources  59-1  and  60-1. 

C . Data  Base 

Table  1 is  a summary  of  the  distribution  of  elements  of 
the  data  base  assembled,  including  the  3 bearing  tests  also  con- 
ducted in  this  program  and  described  in  Section  III  of  this  report. 
A total  of  53  full  scale  bearing  tests  and  306  element  tests  were 
compiled. 
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Table  2 shows  the  distribution  of  the  element  tests  among 
the  six  common  basic  rig  types.  By  far,,  the  largest  accumulation 
of  element  test  data  was  obtained  on  the  GE  RC  rig  described  in 
[3]. 


Table  3 shows  the  distribution  of  the  bearing  test  data  by 
design  types.  It  is  noted  that  50%  of  the  bearings  were  single 
row  deep  groove  ball  bearings  while  34%  were  angular  contact 
ball  bearings.  The  bearing  data  are  thus  dominated  by  point 
contact  tests  and  might  not  adequately  reflect  the  parameters 
available  from  line  contacts  existing  in  cylindrical,  tapered 
and  spherical  roller  bearings. 

Table  4 shows  the  distribution  of  melting  practice  for  the 
element  and  bearing  test  groups  included  in  the  data  base. 

Melting  practice  was  classified  into  air  melt,  consumable  vacuum 
melt  and  a third  category  that  includes  VIMVAR  and  other  multiple 
remelting  processes. 

It  is  seen  that  the  predominant  factor  in  both  the  element  and 
bearing  tests  is  the  CVM  process  which  was  until  recently  the 
industry  standard  for  M-50  tool  steel.  The  advent  of  VIMVAR 
processing  which  is  now  the  standard  process  has  been  too  recent 
to  produce  a sizable  impact  of  the  distribution  of  the  data  base. 

D . Data  Format 

To  facilitate  the  ultimate  processing  of  the  collected 
data,  it  was  reduced  to  a computer  acceptable  format  and  entered 
into  punch  card  records.  The  data  form  for  keypunching  of  the 
cards  was  prepared  to  include  all  of  the  factors  considered  to 
be  important  in  the  analysis  of  the  data.  A copy  of  the  form 
is  shown  as  Table  5 and  described  below: 

The  first  four  columns  contain  the  test  reference  number 
entitled  REF  in  the  subsequent  computer  printout  forms.  This 
consists  of  the  data  source  reference  number  followed  by  a 
sequential  digit  to  distinguish  between  the  several  tests  that 
may  comprise  the  data  source,  e.g.  7613  denotes  the  third  test 
within  source  76-1.  (The  form  design  failed  to  anticipate  the 
254  tests  contained  within  source  77-1.  These  tests  were  accord- 
ingly numbered  sequentially  as  1001,  1002  etc.). 

Columns  5 and  6 are  a two  digit  code  for  test  type  which 
is  entitled  TYPE.  Element  tests  are  readily  distinguished  from 
full  scale  bearing  tests  in  data  processing  by  testing  whether 
this  two  digit  integer  is  less  than  or  equal  to  4. 

[3]  Baughman,  R.A.,  "Experimental  Laboratory  Studies  of  Bearing 
Fatigue",  ASME  Technical  Digest,  Mechanical  Engineering, 

March  1959  p.  94. 
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Table  4 - SUMMARY  OF  MELTING  PRACTICE 
BY  TEST  TYPE 


AIR 

MELT 

CVM 

OTHER 

TOTAL 

ELEMENT 

13 

281 

12 

306 

TESTS 

BEARING 

5 

41 

7 

53 

TESTS 

TOTAL 

18 

322 

19 

359 

13 


Table  5 


AVRADCOM  M- 50  STUDY 
DATA  FORM 

1.  REF  - Reference  Number 

2.  TYPE  - Tester  Type 

01)  GE  RC  Rig  02)  4 ball  tester 

03)  5 ball  tester  04)  other  element  tester 

10)  single  row  deep  groove  ball  bearing 

11)  angular  contact  ball  bearing 

12)  cylindrical  roller  bearing 

13)  tapered  roller  bearing 

14)  spherical  roller  bearing 


3.  MAT  - Material  Type 

1)  Air  Melt  2)  CVM 


4)  VIMVAR 


5)  Other 


3)  Multiple  CVM 


4.  PROC  - Material  Processing 

1)  Standard  2)  Ausformed  3)  Powder 

5.  STRESS  - Max.  Contact  Stress  on  Test  Element 


6.  SIZE  - Test  Element  Size 

Test  specimen  radius  (in.)  for  element  tests 
Bore  size  (in.)  for  rolling  bearings 

7.  H - Film  Thickness  (microinch) 

8.  S I GMA  - Composite  Surface  Roughness  (microinch) 

9.  L IOTH  - Theoretical  Lio  Life  (millions  of 

revolutions) 

10.  N - Sample  Size 

11.  R - Number  of  Failures 

12.  LIOEX  - Experimental  Lio  Estimate  (million  of 

revolutions) 

13.  BETA  - Experimental  Weibull  Slope  Estimate 


Card  Col. 


9-11 


12-16 


21-23 

*-i  j i. 

24-30  * 


31-33 

■■-i.  i JL 

34-36 


37-43 


44-47 
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Columns  7 and  8 are  single  digit  codes  denoting  material 
type  (MAT)  and  processing  method  (PROC)  respectively. 

Columns  9-11  contain  the  integer  portion  of  the  maximum  con- 
tact stress  in  ksi  units  (STRESS) . (The  decimal  point  is  under- 
stood at  the  location  indicated.  It  is  not  keypunched). 

Columns  12-16  contain  a measure  of  the  test  element  size 
(SIZE)  expressed  in  inches,  the  specimen  radius  for  element 
tests,  the  bearing  bore  diameter  for  bearing  tests. 

Columns  17-20  contain  the  lubricant  film  thickness  (H)  in 

microinches.  For  bearings  the  film  thickness  at  the  ring  con- 

tacts was  calculated  within  a bearing  analysis  computer  program 
developed  by  SKF  and  named  "TABACY"  [4]  using  a formula  due  to 

Cheng  [5  ] . The  viscosity  at  operating  temperature  and  the 

pressure  viscosity  index  are  program  input. 

For  the  element  test  rigs  with  point  contact,  the  film 
thickness  was  calculated  from  Archard  and  Kirk  [6]. 


h 

R' 


0.84  [H2-2LV] 
R* 


0.741 


-0.074 


[4]  Liu,  J.  Y.,  "Final  Report  on  Analytical  Method  of  Life 
Calculation  for  Ball  and  Roller  Bearings  - A Computer 
Program",  SKF  Report  No.  AL75P033,  submitted  to  USAAVSCOM, 
and  Contract  No.  DAAJOl - 75 -C- 0349 , October,  1975. 

[5]  Cheng,  H.  S.,  "A  Numerical  Solution  of  the  EHD  Film  Thick- 

Iness  in  an  Elliptical  Contact",  Journal  of  Lubrication 

Technology,  ASME  Trans.,  Series  F,  Vol.  92,  No.  1,  January, 
1970,  pp.  155  -162. 

I 

[6]  Archard,  G.  and  M.  Kirk,  "Lubrication  at  Point  Contacts", 

Proceedings  of  the  Royal  Society,  A.  261,  pp.  532-550  (1961). 
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where 


h = film  thickness  (in.) 

lbs- sec' 

p0  = absolute  viscosity  at  operating  temperature  . 2 

a = pressure  viscosity  index 

V = entrainment  velocity  (in/sec.) 

R'  = effective  radius  = (^  + ^ ) * 

Rj  ,R2  = radii  of  bodies  1 and  2 in. 

Q = load  (lbs . ) 2 2 -1 

1 - v 1 + 1 -v  2 

E'  = reduced  Youngs  Modulus  (lbs/in^)=[  ^ ] 

v 1 , v 2 = Poisson's  ratio  for  bodies  1 and  2 


E , E 
1 ' 2 


= Young  modulus  for  bodies  1 and  2 


For  rigs  with  line  contacts,  the  film  thickness  was  calculated 
from  the  formula. 


2,  = 1.13  r “o  a V 


0.727 


-0.091 


[4-t] 

E R 


where  P'  denotes  the  load  per  unit  length  (lb/in.) 

Columns  21-23  contain  the  composite  surface  roughness  (SIGMA) 
defined  as  the  square  root  of  the  sum  of  the  mean  square  rough- 
ness values  for  each  of  the  contacting  bodies.  When  inner  and 
outer  ring  roughness  differed,  the  value  was  used  for  which  h/o 
was  smallest.  For  many  particularly  older  tests  surface  rough- 
ness had  to  be  estimated. 

Columns  24-30  contain  the  theoretical  or  catalog  Ljo  life 
for  the  test  group,  (LIOTH).  For  bearings  (or  bearing  inner  rings 
in  some  cases)  the  value  of  the  theoretical  Ljo  is  calculated 
using  the  computer  program  TABACY  to  insure  consistency  in  the 
data.  For  element  test  groups,  it  is  computed  by  direct  appli- 
cation of  life  estimation  theory. 
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Columns  31-33  and  34-36  contain  respectively  the  sample  size 
(N)  and  the  number  of  failures  (R)  for  each  test.  It  is  necessary 
for  the  sample  size  to  be  at  least  2 and  the  number  of  failures 
to  be  at  least  1. 

The  experimental  Lio  life  achieved  from  the  test  group 
(LIOEX)  is  entered  in  columns  37-43  and  the  Weibull  slope 
estimate  (BETA)  is  entered  in  columns  44-46.  For  tests  where 
the  raw  data  were  available,  the  experimental  L^q  life  and  the 
Weibull  slope  were  determined  using  the  method  of  maximum  likeli- 
hood, again  to  insure  consistency  of  the  data  base.  However, 
bias  correction  was  not  applied  since  the  appropriate  factors 
were  not  available  for  all  the  combinations  of  sample  sizes  and 
censoring  methods  used  in  the  various  tests.  On  the  basis  of 
past  experience,  the  error  produced  by  the  lack  of  bias  correction 
is  considered  to  be  negligible  compared  to  other  random  and  system- 
atic error  sources  encountered  in  the  life  testing  process. 
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E . Data  Analysis 


The  data  were  processed  using  the  statistical  analysis  com- 
puter program  package  BMDP  (Aug.  1977  revision)  developed  at  the 
Health  Sciences  Computing  Facility,  UCLA*.  The  specific  programs 
used  were: 

BMDP1D  - Single  Data  Description 
BMDP2D  - Frequency  Count  Routine 
BMDP5D  - Univariate  Plotting 
BMDP6D  - Bivariate  Plotting 

With  the  BMDP  system,  it  is  possible  to  supply  a Fortran 
subroutine  to  add,  transform  and  combine  the  input  variables. 

One  may  also  assign  mnemonic  names  of  up  to  six  digits  in  length 
to  the  input  variables  and  to  the  variables  added  by  transform- 
ations, to  facilitate  the  reading  of  the  program  output. 

The  13  variables  coded  on  the  data  sheet  of  Table  5 were  named 
as  previously  indicated  for  use  in  the  programs. 

In  addition  a film  parameter,  H/SIG,  was  added  as  a 14th 
variable  by  dividing  the  film  thickness  variable  (H)  by  the  com- 
posite surface  roughness  (SIGMA).  The  film  factor  variable  a3 
from  the  life  formulation  was  added  as  a 15th  variable  entitled 
FILFAC  using  a piecewise  linear  approximation  to  the  curve 
presented  in  [7],  The  approximation  is  defined  as  follows: 


H/SIG  FILFAC 

<0.6 

0.6  to  1 . 0 

1 to  2 . 0 

2 to  9 . 0 
>9 


*The  Health  Sciences  Computing  Facility  is  sponsored  by  NIH 
Special  Research  Resources  Grant  RR-3. 

[7]  Bamberger,  E . N. , Harris,  T.  A.,  Kacmarsky.  W.  M.  Moyer, 

C.  A.,  Parker,  R.  J.,  Sherlock,  J.  J.,  and  Zaretsky,  E.  V. , 
Life  Adjustment  Factors  for  Ball  and  Roller  Bearings,  The 
American  Society  of  Mechanical  Engineers,  1971. 


0.2 

0.75  (H/SIG) -0.25 
1.7  (H/SIG) -1.2 
0.114  (H/SIG)  + 1.97 
3 


1 


r 
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A computer  representation  of  the  values  of  FILFAC  plotted  as  a 
function  of  H/SIG  is  shown  in  Figure  4 for  the  data  points 
employed  in  the  subsequent  analysis. 

Once  the  preceding  variables  have  been  established,  it 
becomes  possible  to  calculate  the  experimental  value  of  the  a? 
material  factor  for  each  group.  This  is  accomplished  by  consid- 
ering the  definition  of  the  life  factors  and  assuming  that  the 
total  difference  between  the  experimentally  determined  Ljo  life 
and  the  theoretical  Lio  life  is  defined  by  the  value  of  the  a2 
a3  factors.  This  can  be  expressed  as 


a2  a?>  Ll Opheoretical  ^-^experimental 

Converting  this  expression  to  the  variable  names  used  for  the 
computer  analysis  and  rearranging  terms,  this  formulation  becomes 

MAT FAC  = LIOEX 

LIOTH- FILFAC 

where  MATFAC  is  the  name  used  for  the  a2  variable. 

Calculated  in  this  manner  the  estimated  value  of  MATFAC  will 
exhibit  random  variation  in  repeat  testing  because  of  random 
error  in  the  experimental  value  of  the  Lio  life.  Some  systematic 
error  may  also  be  expected  due  to  the  approximate  nature  of  the 
formulas  relating  FILFAC  to  h/o  and  in  the  Lundberg-Palmgren 
rating  theory  used  to  compute  the  theoretical  L^g  life.  To  the 
extent  that  the  Lundberg-Palmgren  theory  is  systematically  in 
error  in  different  amounts  depending  on  factors  such  as  size, 
geometry  etc.,  this  will  appear  as  additional  random  error  in  a 
large  heterogeneous  collection  of  data. 

Two  additional  reference  variables  were  calculated.  The  use 
of  these  variables  is  discussed  later  in  this  report.  The  first 
of  these,  called  LOGMAT,  was  calculated  as  the  natural  logarithm 
of  the  material  factor,  i.e.  LOGMAT  = ln  (MATFAC). 
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Secondly,  the  variable  WTFAC  was  calculated  as  follows: 

WTFAC  = R X LN  (*1ATFAC) 

That  is , WTFAC  is  the  product  of  the  number  of  failures, R,  and 
the  natural  logarithm  of  MATFAC. 

Appendices  D and  E respectively  are  output  lists  from 
program  BMDPD1  of  the  values  of  each  of  these  18  variables  for 
each  of  the  bearing  tests  and  for  each  of  the  element  tests. 


F . Statistical  Analysis  of  the  Data 


Table  6 is  a statistical  summary  of  8 of  the  variables  broken 
down  by  bearing  tests  alone,  element  tests  alone  and  the  combined 
bearing  and  element  tests.  This  table  contains  for  each  variable 
the  mean,  the  standard  deviation,  and  the  extreme  values  of  the 
variables . 

It  is  noted  that  the  sample  size  of  the  bearing  tests 
averaged  22.2  specimens  and  each  group  had  an  average  of  11.0 
failures.  The  sample  size  ranged  from  4 to  100.  The  number  of 
failures  ranged  from  1 to  30. 

For  the  element  tests,  an  average  sample  comprised  9.3  test 
specimens  of  which  8.6  failed.  The  sample  size  and  number  of 
failures  range  from  2 to  72.  The  mean  Weibull  slope  for  the 
bearing  tests  was  2.15  while  for  the  element  tests,  it  was  sign- 
ificantly higher  at  4.86.  This  difference  between  the  bearing 
a£  and  element  tests  may  be  due  to  the  generally  higher  stress 
levels  used  in  the  conduct  of  the  element  tests.  The  mean  stress 
was  356  ksi  for  the  bearing  tests  and  687  ksi  for  the  element 
tests . 


The  average  film  parameter  H/SIG  was  higher  for  the  bearing 
tests  (3.43  vs  1.29)  and  therefore  the  average  film  factor  was 
also  greater  for  the  bearing  tests  i.e.  1.83  vs  0.70. 

The  mean  material  factor  is  9.12  for  the  bearing  tests, 

10.64  for  the  element  tests  and  10.43  overall.  These  values  are 
misleadingly  high,  however,  because  the  distribution  of  the  values 
of  MATFAC  does  not  follow  a normal  distribution,  but  is 
severely  skewed  to  the  right.  This  is  illustrated  in  the  histo- 
grams of  Figures  5 and  6 which  were  generated  by  program  BMDP5D. 

Figure  7 is  a probability  plot  of  the  same  data.  In  a graph 
of  this  type,  normally  distributed  data  would  generate  a straight 
line.  It  is  clear  by  the  nonlinear  nature  of  both  lines  that 
both  element  and  bearing  tests  give  markedly  non-normal  distrib- 
utions for  MATFAC. 
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Table  6 - STATISTICAL  SUMMARY  FOR  KEY  VARIABLES 


I > TOOK  A ^ 9*  VtRtAHLC 


INTERVAL 

HlAI 

3 .0000 
6.?10C 

4 .'JO  00 
12. COO 
l^.GQO 

2 1 • C 0 o 

2 <1*000 

27.000 
*0.900 
3 * • 0 0 0 

* 6 • 0 J 0 
JV.C0  3 
<*2.000 
'» 5 . 3 0 0 

<*>  .:o* 
M.UOC 

5 a.  00  0 

57.1  O'1 
60.^03 
ui.000 
•=.(>.  t. 0 0 
9s*.  30  0 

72.000 

79.000 
7 ''.000 
>*1.000 

a . o * -» 

3 7 • Q JO 

4 c*  • eo  o 

77.0 00 

> 6 . 0 • j 0 

* i • 0 0 o 
l n >.  t1 
1 r>  ->  • 0 0 
i Oh. 09 
i 11.3 J 

i r* . o o 
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Figure  5.  Histogram  of  MATFAC  - Element  Tests 
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Figure  6.  Histogram  MATFAC  - Bearing  Tests 
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Figures  8,  9 and  10  are  the  corresponding  histograms  and  pro- 
bability plots  for  the  logarithm  of  MATFAC  (LOGMAT) . The  histo- 
grams now  appear  to  be  substantially  symmetrical.  The  probability 
plot  of  Figure  10  shows  that  the  bearing  data  now  are  well  approx- 
imated by  a straight  line  indicating  that  the  distribution  of  the 
data  approaches  a normal  distribution.  The  distribution  for 
element  test  data  still  demonstrates  some  skewness  in  the  lower 
tail . 


This  skewness  notwithstanding,  the  graphs  establish  that 
the  use  of  logarithmic  values  is  a more  representative  method 
of  combining  the  results  from  a sequence  of  life  test  data  than 
the  use  of  standard  arithmetic  techniques  which  tend  to  over- 
estimate the  value  of  the  combined  parameters.  This  single 
factor,  plus  the  normal  scatter  inherent  in  endurance  test 
sequences,  is  mostly  responsible  for  the  lack  of  agreement  over 
the  values  to  be  used  for  experimentally  determined  life  related 
variables  such  as  the  material  factor. 

The  data  also  show  that  the  bearing  tests  exhibit  more 
scatter  than  did  the  element  tests;  the  standard  deviations  of 
LOGMAT  are  1.57  for  the  bearing  tests  and  1.18  for  the  element 
tests.  A statistical  test  for  the  equality  of  these  standard 
deviation  values  conducted  assuming  that  the  data  are  normally 
distributed,  shows  that  the  difference  is  significant.  The 
reason  lies  in  (a)  the  higher  Weibull  slope  exhibited  by  the 
element  test  data  and  ( b ) the  greater  heterogeneity  among  the  bear- 
ing types  which  results  in  a contribution  to  scatter  due  to  differ- 
ences in  systematic  errors  among  bearing  types  and  sizes. 

Values  of  the  material  factors  represented  by  the  data  can 
then  be  calculated  by  taking  the  average  value  of  LOGMAT  and 
then  taking  the  antilog  of  that  value.  Thus  considering  the 
total  data  base  the  material  factor  for  bearings  is  calculated 
as  3.13,  and  that  for  element  tests  is  6.23.  If  these  are  recal- 
culated for  vacuum  melted  steels  only,  i.e.  eliminating  the  air- 
melt  groups,  the  values  become  3.55  for  bearings  and  6.49  for  element 
tests . 


90%  confidence  limits  on  the  average  logarithm  of  MATFAC 
may  be  calculated  as: 

LOGMAT  - 1--~ S-  D-'  <LOCMAT  < LOGMAT  + l-jl*  *-s-.D- 
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Figure  9.  Histogram  of  Log  MATFAC  - Bearing  Tests 
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Figure  10.  Normal  Plot  of  Log  MAT FAC  - Element  and  Bearing  Tests 
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where  S.D.  denotes  the  standard  deviation  of  LOGMAT  and  N is  the 
sample  size.  This  interval  does  not  depend  strongly  on  an 
assumption  that  LOGMAT  is  normally  distributed  because,  by  the 
central  limit  theorem  LOGMAT  will  tend  to  be  normally  distributed 
for  large  N irrespective  of  the  distribution  of  LOGMAT. 


Using  the  values  from  Table  6 gives  : 
for  bearings  : 

1.14  - 1--645  t ,-i-  57  < LOGMAT  < 1.14 

(53) 1/1 


< LOGMAT  < 1.14  + 


1.645  X 1.57 


0.78  52  < LOGMAT  < 1.495 


exp  (0.78 52)<MATFAC  <exp  (1.495) 


2. 19  < MAT FAC <4.46 


and  for  elements 


1.83 


1.645  X 1.18 
(306) 1/2 


< LOGMAT  < 1.83+ 


1.645  X 1.18 
(306) X/2 


5.58  < MAT FAC 


6.96 


The  fact  that  the  confidence  interval  on  the  material 
factor  calculated  for  bearings  does  not  overlap  that  calculated 
for  element  tests  indicates  that  the  material  factor  differs  for 
bearings  and  element  tests  as  a class.  This  may  be  confirmed 
directly  by  calculating  the  standardized  difference  in  the 
average  value  of  LOGMAT  [8]. 


Dixon,  W.  J.,  and  Massey,  F. 


"Introduction  to  Statistical 


Analysis",  McGraw-Hill  Book  Company,  Inc,,  2nd  Edition  1957. 
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7=  (LOGMAT)  Elements  - (LOGMAT)  Brgs  . 

f(-(s‘D--)2)  ♦ (XS-i-PJ2) 

I N Bearings  N Elements 

« 

Using  the  values  in  Table  6 


t-  1.83  - 1.14 = 3.05 

r(1.57)2  , (1.18)?"]1/2 

53  306 

From  tables  of  the  standard  normal  distribution  this  value 
is  significantly  different  from  zero  at  a level  0.31,  establish- 
ing the  statistical  significance  of  the  difference  seen  between 
the  two  values  of  the  material  factor. 

In  the  foregoing  analysis,  each  test  series  was  considered 
equally  in  calculating  the  estimated  value  of  ?1ATFAC.  This  is 
a valid  procedure,  but  optimally,  for  minimum  variance  estim- 
ation of  the  mean,  each  individual  value  of  LOGMAT  should  be 
weighed  inversely  to  the  variance  with  which  it  is  determined  [9]. 
This  variance  will  depend  upon  sample  size  and  the  number  of 
failures  in  a way  that  would  have  to  be  determined  by  Monte  Carlo 
sampling.  To  date,  the  appropriate  weighting  factors  have  not 
been  established. 

It  was  felt,  however,  that  it  might  be  an  improvement  over 
the  equal  weighting  case  to  weigh  the  contribution  of  each  test 
by  the  number  of  failed  elements. 


For  notational  convenience  denote  the  i-th  value  of  the 
logarithm  of  MATFAC  within  the  element  or  bearing  test  series 


by  Xi  and  the  associated  number  of  failures 
estimate  of  In  [MATFAC]  is  then: 


The  weighted 


In  [MATFAC]  = IrjX 


[9]  Bain,  L.  J.,  "Statistical  Analysis  of  Reliability  and  Life 
Testing  Models",  Marcel  Dekker,  Inc.  1978 


where  N is  the  number  of  tests.  The  quantity  r^X^  was  defined 
previously  as  WTFAC.  Dividing  numerator  and  denominator  of 
this  expression  by  N gives  the  equivalent  form 

N 

Er.X./N 

In  [MATFAC]  = 

pi/N  * 

where  the  bar  denotes  averaging  over  the  number  tests.  From  the 
values  in  Table  6 one  has: 

In  [MATFAC]  = 12.4/11.0  = 1.13 


or 


MATFAC  = 3.09 

in  agreement  with  the  value  calculated  with  equal  weighting. 
For  elements : 


In  [MATFAC]  = [14.57/8.57]  = 1.700 


or 

MATFAC  = 5.47 

this  value  is  somewhat  lower  than  the  unweighted  value  of  6.23. 


The  variance  of  the  weighted  average  is: 

Nvar  [WTFAC] 

var  [£rixi/£ril  = (Ir)2 


The  standard  deviation  is: 

l/2r 


,tV2£ 


S.D.  =var  i/^[EriXi/Eri]=  FT  S.D.  [WTFAC  ] 

Eri 


= S.D.  [WTFAC] 


Nl/2  - 
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90“  confidence  limits  are  then 

In  [MATFAC)  - 1,645  S'®'  (WTFAC)  < In  [MATFAC]  <ln  [MATFAC]  + 1,645  S.D.  , 0,m;AC) 
N1/Zr  N ' x 

For  hearings: 

Using  the  values  in  Table  6 gives: 

0.  52:=  1.13  - 1,645  X 26.7  < ^ [MATFAq  <113  + 1-645  * 26.7  = 1>678 

(53)1/2.ii.o  (53)1/z.n.o 


or 

1.79  = exp  (0.582  )<  MATFAC  < exp  (1.678  ) = 5.36 


For  elements  the  confidence  interval  is. 

1.486  = 1.70  - 1 • 64 5-y, 13,15  <ln  [MATFAC]  <1.70  + 1--645  *-13,13  = 1.913 
(306)1/2  X 5.77  (306)1/ZX5.77 


4.42  = exp  [1.48]  < MATFAC  < exp  [1.913]  = 6.78 


The  confidence  intervals  on  the  calculated  values  of  the 
material  factor  are  now  seen  to  be  wider  (i.e.  the  ratio  of  upper 
to  lower  limit  is  greater)  with  weighting  by  failure  number  then 
with  equal  weighting.  Weighting  by  failure  number  is  evidently 
too  severe  i.e.  a test  with  72  failures  is  not  72  times  more 
informative  than  a test  with  a single  failure. 

Thus  there  is  no  reason  to  substitute  the  values  obtained 
from  this  weighting  technique  for  the  ones  calculated  by  the 
equal  weighting  method  applied  first.  It  is  assumed  that  other 
approximate  weighting  schemes  could  be  evaluated  to  improve  the 
estimates,  but  this  type  of  evaluation  was  considered  to  be  out- 
side the  general  scope  of  this  program. 


G.  Scatter  Plot  Analysis 

As  discussed  earlier,  if  the  theoretical  life  and  FILFAC  are 
adequately  calculated,  the  value  of  the  material  factor  should, 
not  vary  with  respect  to  the  variables  that  enter  those  calcul- 
ations. For  example,  since  element  size  is  included  in  the  Liq 
capacity  (life)  calculation,  there  should  be  no  systematic 
variation  of  the  experimental  values  of  the  material  factor 
achieved  from  test  bearings  of  varying  sizes.  Any  trend  in  the 
material  factor  with  variables  that  should  thus  be  accounted  for, 
is  indicative  of  a systematic  error  in  the  formulation. 

One  way  of  analyzing  for  the  presence  of  such  errors  is 
through  the  use  of  bivariate  plotting  techniques  creating  what 
are  commonly  termed  scatter  plots.  In  this  technique  the  two 
variables  to  be  studied  are  used  as  the  coordinates  of  a graph 
and  the  specific  data  points  are  plotted.  If  the  variables  are 
unrelated,  there  will  be  no  apparent  pattern  to  the  arrangement 
of  these  points.  The  recognition  of  patterns  can  be  completed 
mathematically  by  calculating  the  locus  of  a straight  line  through 
the  data  by  the  least  squares  method.  This  regression  line  will 
be  horizontal,  ie.  have  a negligible  slope,  if  the  variables 
arc  not  related. 

In  practice,  the  calculated  line  will  not  be  flat  so  the 
degree  of  slope  must  be  considered.  A statistical  test  is  then 
employed  to  determine  if  the  value  of  the  slope  is  significant, 
ie.  there  is  a relationship  between  the  variables,  or  not. 


Scatter  plots  were  prepared  for  various  combinations  of 
parameters  encountered  in  this  program  to  see  if  the  data  reflect 
any  deficiencies  in  the  existing  analytical  processes. 

Figure  11  is  a plot  of  the  logarithm  of  the  material  factor 
(LOGMAT)  against  the  film  parameter  H/SIG.  A statistical  test 
indicates  that  the  slight  negative  slope  of  the  fitted  least 
squares  regression  line  is  not  significant.  This  being  the  case, 
there  is  no  systematic  error  in  the  method  of  calculating  the 
film  factor  which  biases  the  values  obtained  for  the  material 
factor  for  full  scale  bearing  data. 

On  the  other  hand,  Figure  12  shows  the  same  variables  plotted 
for  the  element  test  data.  The  plot  shows  a significant  negative 
correlation  in  these  data  suggesting  that  for  element  tests 
the  values  assigned  to  the  film  factor  are  too  small  in  the  low 
film  thickness  regions  i.e.  element  tests  conducted  at  low  film 
conditions  live  longer  than  the  ASME  curve  suggests. 
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Figure  12.  LOGMAT  VS  H/SIG  - Element  Tests 


Figure  13  is  a plot  of  LOGMAT  for  the  bearing  data  versus 
bearing  bore  size.  There  is  no  significant  correlation  indic- 
ating that  size  is  adequately  treated  in  the  life  calculation 
process.  Figure  14  is  the  corresponding  plot  for  the  element 
test  data.  The  negative  correlation  shown  is  again  significant 
suggesting  that  the  size  of  element  test  is  not  adequately  con- 
sidered in  the  rating  formulas. 

Figure  15  shows  LOGMAT  plotted  against  stress  for  the  bearing 
tests.  Again  there  is  no  significant  correlation.  Figure  16  is 
a comparable  plot  for  elements  and  a significant  positive  cor- 
relation is  in  evidence. 

These  graphs  indicate  that  as  a whole  the  method  of  calcul- 
ating the  life  and  operating  characteristics  of  full  scale 
bearings  are  generally  adequate  and  correlate  with  experimental 
results.  On  the  other  hand,  the  same  degree  of  confidence  does 
not  exist  in  the  treatment  of  element  test  conditions  or  results 
so  that  an  accurate  correlation  does  not  exist  between  the 
experimental  data  obtained  from  element  tests  and  the  theoretical 
predictions.  This  being  the  case,  a great  deal  of  caution  is 
required  in  extrapolating  element  test  life  data  for  the  predict- 
ion of  life  performance  in  full  scale  bearings.  Evidence  seen 
herein  indicates  that  estimates  of  bearing  life  made  on  the  basis 
of  element  test  data  would  tend  to  overstate  the  actual  perform- 
ance . 
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Figure  15.  LOGMAT  VS  Stress  - Bearing  Tests 


H.  Principal  Statistical  Results 


1.  The  distribution  of  the  calculated  material  factor  for 
both  bearing  and  element  tests  made  of  M-50  steel  was  found  to 
be  severely  skewed  to  the  right.  Consequently  more  than  70%  of 
the  observed  material  factor  values  are  lower  than  their  arith- 
metic average.  Arithmetic  averages  are  therefore  quite  mis- 
leadingly high.  This  explains  why  honest  claims  based  on  average 
material  factor  could  be  received  with  skepticism  since  it  is 
likely  that  lower  than  average  values  would  result  if  testing 
were  done  to  corroborate  a claimed  value. 


2.  The  geometric  mean  or  logarithmic  average  value,  was 
found  to  be  close  to  the  data  median,  i.e.,  roughly  50%  of  the 
tests  give  values  above  and  50%  give  values  below  the  geometric 
mean.  In  a data  base  of  53  tests  cf  M-50  rolling  contact  bear- 
ings, dominated  by  point  contacts,  the  geometric  mean  material 
factor  was  found  to  be  3.13.  Considering  vacuum  melted  data  only, 
48  test  lots,  the  geometric  mean  material  factor  increases  to 
3.55. 

A total  of  306  element  tests,  performed  principally  on  an 
RC  rig  yielded  a geometric  mean  material  factor  of  6.23  which 
was  established  to  be  statistically  different  from  the  factor 
calculated  for  bearings. 

Material  factors  derived  from  element  test  results  are  thus 
likely  to  be  overstated  when  applied  to  full  scale  bearings. 


3.  No  systematic  errors  in  the  ASME  film  factor  or  the  rating 
life  formula  could  be  discerned  for  the  bearing  tests.  This 

does  not  mean  there  are  no  such  errors,  just  that  their  magnitude 
is  too  small,  relative  to  the  substantial  scatter  in  the  data 
to  emerge  in  as  few  as  53  tests. 

4.  The  material  factor  for  the  element  tests  shows  significant 
dependence  on  the  film  parameter,  stress  and  element  size 
indicative  of  small  but  real  errors  in  the  factor  used  to  compen- 
sate for  the  effect  of  the  lubricant  film  parameter,  and  in  the 
rating  formulas  used  to  calculate  the  base  life  for  the  tests. 
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III.  ENDURANCE  TEST  DETAILS 

A.  Test  Equipment 

All  tests  were  conducted  on  SKF  R-2  Endurance  Test  Machines 
which  have  been  developed  over  a period  of  years  for  the  eval- 
uation of  full  size  rolling  element  bearings.  Basically,  these 
test  machines  consist  of  a horizontal  arbor  of  symmetrical 
configuration,  as  shown  in  Figure  17,  supported  on  either  side 
of  its  center  by  two  cylindrical  roller  bearings  located  in 
pillow  blocks  fastened  to  a machine  base.  The  test  bearings 
are  located  on  each  end  of  this  arbor  in  independent  housings 
to  minimize  interactions  between  the  test  specimens. 


Three  variation 
in  this  program  in  o 
types  of  bearings  te 
signed  to  accept  the 
critical  to  the  speci 
with  a means  to  load 
for  the  deep  groove 
thrust  load  for  the 


s of  the  basic  test  machine  were  employed 
rder  to  accommodate  the  three  different 
sted.  Each  machine  configuration  was  de- 
test bearings  and  to  control  those  parameters 
fic  bearing  configuration.  Each  was  equipped 
the  bearings  as  required,  i.e.  radial  load 
ball  and  cylindrical  roller  bearings;  and 
angular  contact  ball  bearings. 


Each  test  machine  variation  had  a number  of  features  in 
common  which  are  discussed  in  the  following  paragraphs,  while 
the  specific  alterations  to  accommodate  the  bearing  designs  are 
described  in  Sections  Cl  to  C3.  The  operating  temperature  of 
the  test  bearing  was  measured  by  a spring  loaded  thermocouple 
contacting  the  outer  ring.  The  output  from  this  transducer  was 
monitored  by  a Test  Floor  Control  System  containing  a Data 
General  Nova  800  Computer  System  as  a central  processing  unit. 

The  same  computer  system  measures  and  controls  the  applied  thrust 
load  in  the  case  of  the  7209  VAP  angular  contact  ball  bearings. 

All  bearings  were  run  to  failure  or  300  million  revolutions, 
unless  the  test  was  suspended  for  mechanical  reasons,  i.e. 
failure  of  test  machine  hardware.  Bearing  failure  was  detected 
by  a Robertshaw  Vibraswitch  which  was  set  at  the  beginning  of 
each  run.  The  Vibraswitch  stopped  the  test  machine  when  the 
general  vibration  level  increased  significantly  over  the  original 
magnitude,  indicative  of  a spall  on  a bearing  component. 

B . Lubrication 

Each  bearing  was  lubricated  from  a common  oil  supply  system 
containing  Mobil  Jet  II  synthetic  lubricating  fluid  conforming 
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to  government  specification  MIL-L-23699.  The  oil  was  jetted 
into  the  test  bearing  housing  and  aimed  to  impinge  directly  in 
the  rolling  contact  region.  A sufficient  quantity  of  oil  was 
supplied  in  each  instance  to  assure  adequate  lubrication  and  to 
control  the  bearing  operating  temperature  at  the  following 
levels : 

°C 

(a)  NU309  VCG  Cylindrical  Roller  Bearing  75^5 

(b)  7209  VAP  Angular  Contact  Ball  Bearing  60-75 

(c)  6009  VAT  Deep  Groove  Ball  Bearing  70-75 


C . Details  of  Test  Equipment  Employed 

The  following  sections  discuss  the  details  of  the  test 
machine  hardware  employed  for  each  of  the  test  bearing  configur- 
ations tested. 

1 . Cylindrical  Roller  Bearing 

The  endurance  test  machine  arrangement  employed  to  deter- 
mine the  life  of  the  NU309  VCG  cylindrical  roller  bearing  spec- 
imens is  shown  in  Figure  18.  The  test  bearings  located  on  the 
ends  of  the  machine  arbor  are  radially  loaded  by  means  of  a 
lever  and  dead  weight  system.  The  centrally  positioned  drive 
pulley  on  the  machine  arbor  rotates  the  inner  rings  at  a speed 
of  9700  rpm. 

2 . Angular  Contact  Ball  Bearing 

Details  of  the  test  arrangement  used  to  determine  the  life 
of  7209  VAP  Angular  Contact  Ball  Bearings  are  shown  in  Figure  19. 
The  test  bearings  located  near  the  ends  of  the  machine  arbor  are 
axially  loaded  by  means  of  a tie  rod  passing  through  a clearance 
hole  in  the  center  of  the  arbor.  A Strain  Cert  (strain  gaged) 
bolt  (not  shown)  on  one  end  of  the  tie  rod  measures  the 
amount  of  thrust  load  applied  as  the  loading  nut  (shown)  on  the 
other  end  of  the  rod  is  turned.  A centrally  located  pulley  on 
the  machine  arbor  rotates  the  inner  rings  at  5500  rpm. 

Alignment  of  the  test  bearing  outer  ring  with  respect  to  the 
inner  ring  and  arbor  is  maintained  by  means  of  a small  cylindrical 
roller  bearing  located  at  the  end  of  the  machine  arbor. 

3 . Deep  Groove  Ball  Bearing 

Figure  20  shows  the  details  of  the  test  machine  employed  to 
test  the  6009  VAT  Deep  Groove  Ball  Bearings.  The  test  bearings 
are  located  near  the  ends  of  the  machine  arbor.  Radial  load  is 
applied  to  the  test  bearings  by  means  of  a lever  and  dead  weight 
arrangement  as  shown  in  Figure  17.  Test  bearing  housing  align- 
ment with  respect  to  the  machine  arbor  is  maintained  by  a small 
cylindrical  roller  bearing  located  at  the  ends  of  the  machine 
arbor.  A quill  drive,  shown  on  the  left  side  of  the  test  machine, 
Figure  20  rotates  the  machine  arbor  at  21,200  rpm. 
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Figure  19.  SKF  F.ndurance  Test  Machine  Details 
of  Test  Hardware  for  Angular 
Contact  Ball  Bearings 
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I).  Endurance  Test  Procedure  and  Test  Conditions 


Residual  anti  -rust  preservative  was  removed  from  each 
test  bearing  specimen  by  washing  with  a solvent  and  a coating 
of  Mobil  Jet  II  oil  applied.  In  order  to  mount  the  test  bearing 
on  the  machine  arbor,  the  test  bearing  was  heated  in  an  oven  to 
1 0 8 0 K (135°C)  to  expand  the  inner  ring  sufficiently  to  clear  the 
bearing  seat.  When  cool,  the  interference  fit  was  0.025  to 
0.035  mm.  The  clearance  between  the  outer  ring  and  test  machine 
housing  ranged  from  0.025  to  0.045  mm.  The  housing  was  installed 
and  the  rest  of  the  machine  hardware  assembled. 

The  applied  load  and  inner  ring  speed  for  each  of  the  bearing 
test  specimens  run  are  listed  as  follows: 


Bearing  No.  Applied  Load  Inner  Ring  Speed 


Kn 

(lbs.f) 

rad/sec . 

( rpm  ) 

NU309  VCG 

31.047 

(6980) 

60947 

(9700) 

7209  VAP 

12.321 

(2770) 

34560 

(5500) 

6009  VAT 

7.495 

(1685) 

133204 

(21,200) 

E.  Endurance  Test  Results  and  Discussion 
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The  endurance  data  collected  on  the  three  types  of  bearings 
are  presented  in  the  following  sections  of  this  report.  Each 
section  documents  the  life  of  a bearing  specimen  in  millions  of 
revolutions  and  the  mode  of  failure. 

The  life  data  of  each  bearing  specimen  group  have  been 
statistically  treated  according  to  an  SKF  developed  maximum 
likelihood  computer  program  MAXLIKE  [ 10  , and  11]  . 

The  program  establishes  the  L^o  and  L50  lives  and  90%  confidence 
interval  estimates  for  each  bearing  specimen  group,  as  well  as 
the  slope  of  the  experimental  Weibull  distribution. 

A summary  of  the  test  results  is  presented  in  Table  7. 
Detailed  observations  are  presented  in  Tables  8,  9,  and  10  for 
the  three  bearing  types  tested. 

1 . NU309  YCG  Cylindrical  Roller  Bearings 

The  results  shown  in  Table  8 indicate  that  most  of  the 
NU309  VCG  bearings  completed  the  test,  and  had  run  300  million 
revolutions  without  failure.  The  two  failures  reported  are 
attributed  to  spalling  of  one  roller  in  each  case  as  shown  in 
Figure  21.  The  statistically  estimated  experimental  Ljo  life 
of  314  million  revolutions  is  80  times  the  theoretical  L10 
life  of  3.9  million  revolutions  shown  in  Table  7.  This  great 
difference  not  only  is  indicative  of  the  beneficial  properties 
of  VIMVAR  M-50  steel,  but  reflects  the  conservative  estimate 
of  theoretical  life  of  the cyl indr ical  roller  bearings  based 
upon  current  engineering  approximation  practice. 

Endurance  tests  are  run  on  pairs  of  bearings.  When  one  of 
the  pair  fails,  the  failed  bearing  is  replaced  with  another  test 
bearing.  In  the  case  of  bearing  No.  419,  the  companion  bearing 
had  reached  a time  up  life  of  300  million  revolutions  at  which 
time  bearing  No.  419  had  accumulated  104  million  revolutions. 
Since  there  were  no  additional  bearings  to  test, and  considering 
that  further  running  of  bearing  No.  419  would  not  have  signifi- 
cantly altered  the  final  outcome  of  the  results,  the  test  was 
suspended  as  noted. 

[10]  McCool,  J.  I.,  "Evaluating  Weibull  Endurance  Data  by  the 
Method  of  Maximum  Likelihood",  ASLE  Trans.,  No.  13, 

189-202  (1970). 

[Ill  McCool,  J.  I.,  "Interference  on  Weibull  Percentiles  and 
Shape  Parameter  from  Maximum  Likelihood  Estimates",  IEEE 
Trans,  on  Reliability,  No.  R-19,  177-59  (1970). 
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SUNNARY  OF  ENDURANCE  I.IFF.  RESULTS  - BALL  AND  ROLLER  BEARING  TESTS 
MATERIAL:  YTMVAR  M-SO  STEEL  MATERIAL 
LUBRICATION:  MOBIL  JET  II  SYNTHETIC  FLUID  (MIL-L- 23699) 


(c)  UCL  - Upper  Confidence  Limit 


' 


TABLE  8 

SUMMARY  TEST  RESULTS 

VIMVAR  M-50  STEEL  - NU309  VCG  CYLINDRICAL  ROLLER  BEARING 


BEARING  NO. 

BEARING 

LIFE 

MILLION  REVS. 

FAILURE  MODE 

RING  ROLLERS 

OTHER 

401 

300 

_ 

Suspended 

402 

300 

- 

- 

Suspended 

403 

39 

- 

1 

404 

320 

- 

- 

Suspended 

405 

298 

- 

- 

Suspended 

406 

298 

- 

- 

Suspended 

408 

334 

- 

- 

Suspended 

409 

306 

- 

- 

Suspended 

410 

300 

- 

- 

Suspended 

411 

300 

- 

- 

Suspended 

412 

59.4 

- 

1 

- 

413 

402 

- 

- 

Suspended 

414 

355 

- 

- 

Suspended 

415 

355 

- 

- 

Suspended 

416 

457 

- 

- 

Suspended 

417 

457 

- 

- 

Suspended 

418 

343 

- 

- 

Suspended 

419 

104 

- 

- 

Suspended 

420 

313 

- 

- 

Suspended 

Experimental  Bearing  Life  - Millions  of  Revs. 


LlO 

I40  LCL 

L10  UCL 

314 

0.1 

40,700 

L50 

L50  LCL 

L50  UCL 

1.6  X 106 

1.4  X 103 

0.7  X 10 

Weibull  Slope  - 0.543 
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Bearing, No.  403 
39  X 10°  Revs. 


Figure  21.  Typical  Examples  of  Roller  Failures  From 
NU  309  VCG  Cylindrical  Roller  Bearings 


Roller 

Bearing  No.  412 
59  X 10°  Revs, 
(b) 


2 . 6009  VAT  Deep  Groove  Ball  Bearings 


Table  9 presents  the  results  obtained  on  the  6009  VAT  deep 
groove  ball  bearing  specimens.  As  noted  under  the  mode  of  fail- 
ure, all  of  the  failed  bearings  contained  spalled  balls;  and 
only  eleven  bearings  had  outer  or  inner  ring  failures.  Examples 
of  these  failures  are  shown  in  Figure  22.  This  number  of  ball 
failures  is  abnormally  high  in  comparision  to  past  test  and  field 
exper  ience . 

In  view  of  this,  the  fatigue  characteristics  of  this  lot  of 
balls  were  considered  to  be  questionable,  and  a detailed  failure 
analysis  was  made  on  the  failed  balls  (see  Section  4).  In 
addition,  the  experimental  life  of  this  group  of  bearings  was 
determined  in  two  ways:  (a)  considering  all  of  the  element  fail- 
ures, and  (b)  considering  only  those  failures  attributed  to  ring 
fatigue  and  suspending  those  failures  presumed  to  have  been 
caused  by  failure  of  the  ball  material.  The  statistical  analysis 
results  of  the  experimental  L^g  lives  obtained  are  given  in 
Table  9. 

As  shown  in  the  summary,  Table  7,  the  L^g  median  life  is  62 
million  revolutions  when  the  experimental  life  is  based  upon  all 
parts  failed,  and  174  million  revolutions  if  ball  failures  are 
excluded  and  the  life  is  based  upon  only  ring  failures.  These 
lives  are  approximately  6 to  17  times  greater  than  the  theoret- 
ical Lip  life  of  10.9  million  revolutions,  once  again  pointing 
to  the  beneficial  influence  of  VIMVAR  M-50  steel. 

3 . 7209  YAP  Angular  Contact  Ball  Bearings 

The  details  of  the  test  results  obtained  on  the  7209  VAP 
angular  contact  ball  bearings  run  are  listed  in  Table  10.  All 
ten  of  the  7209  VAP  bearings  which  had  failed  had  suffered  ball 
failures.  Of  the  10  failures  only  five  bearings  had  ring 
failures.  Examples  of  these  failures  are  shown  in  Figure  23. 

As  with  the  6009  VAT  bearings,  the  ball  failures  are  considered 
to  be  abnormal  not  only  in  quantity,  but  in  the  sizes  of  the 
spall,  as  shown  in  Figure  23(a).  The  ring  failures  in  some 
instances  were  rather  smal 1,  Figures  23(b)  and  (c)  and  it  is 
considered  that  these  could  have  been  initiated  by  spalled  balls. 

The  experimental  median  L^g  life  of  this  group  of  bearings, 
considering  all  element  failures,  is  50  million  revolutions,  and 
115  million  if  the  ball  failures  are  excluded.  These  lives  are 
less  than  the  theoretical  L^g  of  122  million  which  reflects 
the  presence  of  a degrading  influence  in  this  particular  test 
series. 
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TABLE  9 


SUNMARY  OF  TEST  RESULTS 

VIMVAR  M-SO  STEEL  - 6009  VAT  DEEP  GROOVE  BALL  BEARING 


BEARING 

BEARING  LIFE 
MILLIONS 

FAILURE 

MODE 

NO. 

REVOLUTIONS 

RING 

BALLS 

301 

146.0 

IR  8 OR 

3 

302 

108.0 

- 

2 

303 

146.0 

IR 

/ 

304 

63.6 

IR 

5 

305 

47.0 

- 

1 

306 

33.0 

- 

- 

307 

7.6 

- 

- 

308 

185.3 

- 

2 

309 

198.4 

OR 

6 

310 

176.5 

IR  8 OR 

8 

311 

222.0 

IR 

8 

512 

65.9 

OR 

7 

313 

77.5 

OR 

7 

314 

49.5 

OR 

13 

315 

182.8 

- 

1 

516 

160.0 

OR 

6 

317 

119.4 

- 

1 

318 

170.2 

- 

1 

319 

92.8 

- 

2 

320 

222 

IR 

3 

IR  = 

Inner 

Ring 

OR  = 

Outer 

Ring 

Experimental  Bearing  Life 

-Millions 

of  Revs. 

OTHER 


VOID-Shaft  Failure 
VOID-Shaft  Failure 


Failure  Basis 

L10 

Lin  lcl 

Lm  UCL 

Weibull  Slope 

All  Parts 

62 

38 

84 

2.601 

Rings  Only 

174 

132 

189 

11.37 

Failure  Basis 

L50 

LS0  LCL 

L50  UCL 

All  Parts 

132 

108 

157 

Rings  Only 

219 

196 

340 
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Inner  Rin 


Bearing  No.  304 
63.6  X 10°  Revs. 


Inner  Ring 

Bearing  No.  303 
146  X 10°  Revs. 


Balls 

Bearing  No.  305 
47  X 10°  Revs, 
(c) 


Figure  22.  Typical  Examples  of  Bearing  Element  Failures  from 
6009  VAT  Deep  Groove  Ball  Bearings 
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TABLEJO 

SUMMARY  OF  TEST  RESULTS 

VIMVAR  M- 50  STEEL  7209  VAP  ANGULAR  CONTACT  BALL  BEARING 


BEARING  LIFE 


BEARING 

NO. 

MILLIONS 

REVOLUTIONS 

If 

RING 

501 

964 

- 

502 

334 

- 

503 

921 

IR 

504 

212 

IR 

505 

243 

- 

506 

141 

IR 

507 

118 

IR 

508 

47 

- 

509 

307 

- 

510 

115 

- 

511 

590 

- 

512 

71 

IR  1 

513 

399 

- 

514 

113 

- 

515 

42 

IR  i 

516 

300 

- 

517 

- 

- 

518 

- 

- 

519 

402 

- 

520 

300 

- 

FAILURE  MODE 
G BALLS 


IR  - Inner  Ring 
OR  - Outer  Ring 

F.xperi mental  Bearing  Life  - Millions  of  Revs. 


FAILURE.  BASIS 


All  Parts 
Rings  Only 

FAILURE  BASIS 


All  Parts 
Rings  Only 


Liq  LCL 


Lio  UCL 


L50  UCL 


9 


OTHER 

None 


VOID-Tight  Housing 

None 

Not  Run 

VOID- Bearing  Damaged 

None 

None 


WE I BULL  SLOPE 
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Bearing  No.  510 
115  X 106  Revs. 
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Figure  23.  Typical  Examples  of  Bearing  Element  Failures  From  7209  VAP 

Angular  Contact  Ball  Bearings 


Inner  Ring 
Bearing  No.  514 
113  X 106  Revs, 
(c) 


Inner  Ring 
Bearing  No.  508 
47  X 10°  Revs, 
(b) 


4 . Metallugrical  Examination  of  VIMVAR  M-50  Bearing  Failures 

0009  VAT  Peep  Groove  Ball  Bearing 

Two  failed  6009  VAT  bearings  were  examined  metallurgically . 
Both  bearings  had  failed  prematurely,  and  were  basically 
"typical"  of  the  remaining  failures.  The  outer  rings 
and  a multiple  number  of  balls  from  each  bearing  had  spalled. 


Examination  of  several  of  the  balls  revealed  an  unusual 
surface  condition,  possibly  decarburization  or  at  least  a carbon 
gradient.  This  condition  has  been  found  to  be  "spotty"  on 
several  balls  while  almost  continuous  on  others.  Hardness 
measurements  in  the  aforementioned  areas  revealed  a hardness  of 
Rc61  while  the  interior  hardnesses  measured  Rc64.  Additional 
inspection  of  one  of  the  balls  indicated  that  the  decarb  carbon 
gradient  occurred  after  forming,  i.e.,  it  is  not  totally  a 
result  of  decarburization  from  raw  material. 

Further  examination  of  the  failures  revealed  a seemingly 
"rough"  surface  on  the  spalled  outer  ring.  A new  bearing  was 
obtained  (from  the  same  lot)  and  measured  for  surface  roughness. 
Measurements  ranged  from  0.320  to  0.340  micrometers  AA  CLA  which 
is  slightly  above  the  specified  limit  of  0.305  micrometers.  Visual 
examination  of  the  generated  surface  trace  disclosed  that  the 
surface  also  contained  some  localized  discontinuities. 

From  this  examination,  it  appears  there  are  two  contrib- 
utory factors  to  the  failures.  Neither  one  of  these  conditions 
is  serious  enough  to  cause  rejection  of  the  respective  parts. 
However,  the  combination  of  the  two  discrepancies  and  the  fact 
that  the  bearings  were  run  under  a heavy  load  contributed  to 
the  premature  failures. 

7209  VAN  Angular  Contact  Ball  Bearing 

Examination  of  a number  of  spalled  balls  from  a failed 
7209  VAN  ball  bearing  revealed  a heat  treat  problem,  i.e.,  the 
balls  contained  a high  amount  of  soft  constituent  (troostite/ 
bainite)  throughout  the  microstructure.  The  remainder  of  usually 
rated  microstructure  and  the  hardness  measurements  taken  on  the 
balls  was  acceptable.  Several  other  balls,  from  the  same  bear- 
ing and  other  failed  bearings,  were  found  to  be  acceptable  to 
SKF  specified  limits.  While  this  condition  may  have  affected  the 
life  results,  the  deviation  would  normally  not  be  considered 
serious  enough  to  precipitate  the  large  number  of  very  early 
failures  that  were  experienced  in  this  test. 
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Visual  examination  of  the  premature  failures  (excluding  the 
ball  failure)  versus  those  bearings  which  had  completed  the  test 
without  failure  revealed  several  small  differences  in  appearance. 
However,  nothing  prominent  was  found  between  the  "failures"  and 
the  bearings  that  had  not  failed  which  would  in  itself  explain 
the  premature  failures. 

In  summary,  it  can  be  said  that  the  metallurgical  analysis 
disclosed  the  presence  of  a ball  condition  which  most  likely 
affected  the  endurance  test  results.  However,  the  condition  is 
very  mild  and  therefore  it  is  doubtful  that  the  balls  are  totally 
responsible  for  the  foreshortened  endurance  performance. 

5.  VIMVAR  M- 50  Steel  Results 

A summary  of  the  values  of  the  life  multiplication  factors 

a2  and  a$  that  were  achieved  in  the  test  runs  is  shown  in  Table 

11.  These  data  show  that  the  log  average  value  of  the  a2  material 
factor  ranged  from  2.6  to  4.6  depending  on  whether  all  failures 
or  only  ring  failures  are  considered.  These  values  are  essentially 
the  same  as  the  log  average  material  factor  of  3.55  which  was 
calculated  for  CVM  M-50  material  from  the  survey.  Thus  a further 
life  improvement  based  on  the  use  of  VIMVAR  processing  in  lieu 
of  CVM  processing  has  not  been  established.  Therefore,  on  the 
basis  of  the  test  and  survey  data,  total  life  multiplication 
factors,  a2  a,  ranging  from  6-10  are  justifiable  for  both  CVM 
and  VIMVAR  M-50  material  with  good  lubrication. 

Another  item  of  interest  which  can  be  observed  from  Table  11 

is  the  scatter  in  the  calculated  a2  values  ranging  from  0.2  to 

33.  V/hile  endurance  test  programs  are  noted  for  their  wide  range 
of  variability  and  a difference  can  not  be  statistically 
established  due  to  the  relatively  small  amount  of  data  collected, 
these  results  do  imply  that  the  current  methods  of  calculating 
the  lives  of  cylindrical  roller  bearings  are  conservative.  This 
being  the  case,  an  additional  multiplication  factor  for  design 
variation  might  well  be  warranted  when  considering  bearings 
containing  line  contacts. 

This  situation  has  not  been  sufficiently  investigated  to  date. 
In  Phase  II  of  the  program,  U.S.  Army  Contract  Number  DAAK50-78- 
C-0027,  available  life  data  from  current  tests  and  that  included 
in  the  data  base  of  past  work  will  be  statistically  analyzed  to 
determine  if  a significant  difference  can  be  established  between 
life  modifying  factors  of  cylindrical  and  ball  bearings.  If 
possible,  a separate  identifiable  factor  will  then  be  defined 
for  line  contact  bearings. 
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NU309  VCG 

32.9 

2.43 

6009  VAT  - 

All  Parts 

2.56 

2.30 

- 

Excluding 

Balls 

6.9 

2.30 

7209  VAP  - 

All  Parts 

0.22 

2.18 

- 

Excluding 

Balls 

0.43 

2 .18 

Log  AVE  a 2 - All  Parts  2.6 
Log  AVE  a 2 - Excluding  Balls  4.6 


IV.  CONCLUSIONS 


1.  The  best  estimate  of  the  &2  material  factor  for  both  CVM 
and  VIMVAR  processed  M-50  tool  steel  has  been  established 
as  3. 55.  This  means  that  for  most  aerospace  applications 
where  good  lubrication  exists,  a film  factor  of  2 to  3, 
and  the  use  of  a total  life  multiplication  value  a?, 
ranging  from  6 to  10  is  justified. 

2.  The  test  data  infer  that  the  identified  value  of  the  a 2 
material  factor  will  be  conservative  when  used  to  rate 
cylindrical  roller  bearings.  Further  effort  is  required 
to  determine  if  a separate  factor  should  be  used  with  line 
contacts . 

3.  The  use  of  element  test  data  to  establish  values  of 
material  factors  is  apt  to  produce  estimates  which  over- 
state the  actual  life  advantage  available. 

4.  The  proper  interpretation  of  large  amounts  of  endurance 
test  data  requires  the  data  to  be  combined  logrithmically 
and  not  arithmetically.  Life  data  based  on  the  arith- 
metic mean  produce  excessive  estimates  of  the  parent 
population  life. 

5.  Statistical  analysis  of  the  experimental  data  collected 
do  not  define  any  systematic  errors  in  the  life  calcul- 
ation formula  related  to  variations  in  bearing  size, 
stress  levels  or  generated  EHD  lubricant  film.  Thus, 
it  is  concluded  that  these  parameters  are  adequately 
modeled  by  the  analytical  techniques. 
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V.  RECOMMENDATIONS 

A.  Future  Data  Analysis 


The  variables  included  in  the  current  study  were  basic  par- 
ameters considered  to  be  inherent  in  the  life  estimation  process. 

Now  that  these  have  been  examined  and  a degree  of  confidence  has 
been  established  in  the  way  these  specific  parameters  are  handled 
in  bearing  analysis,  a number  of  additional  variables  that  are 
currently  not  directly  included  in  the  calculation  process  are 
open  for  consideration.  The  examination  of  the  data  base  for  the 
inclusions  of  variations  created  by  alterations  in  operating  par- 
ameters such  as  speed,  operating  temperature,  bearing  design 
type,  lubricant  chemistry  could  be  extremely  revealing.  The 
identification  of  a parametric  relationship  which  needs  to  be 
included  in  the  life  estimation  process  would  be  of  significant 
interest  to  bearing  users  and  suppliers;  and  would  provide  a means 
of  adding  further  confidence  to  the  calculation  of  predicted  bear- 
ing lives  for  future  applications. 

In  Phase  II  of  this  extended  program,  U.S.  Army  Contract  No. 
DAAK50 - 78 -C- 0027  , a search  will  be  made  of  the  available  data 
base  to  determine  if  the  documented  operational  parameters  are 
of  sufficient  quantity  and  variety  to  enable  an  examination  of 
the  influence  of  these  variables  on  bearing  life. 

The  results  of  the  current  tests  on  cylindrical  roller  bear- 
ings strongly  suggest  that  the  life  modifying  factor  for  cylindrical 
roller  bearings  is  underestimated.  Results  in  the  data  base  on 
cylindrical  roller  and  other  line  contact  bearings  will  be  exam- 
ined further  under  Phase  II  to  assess  the  validity  of  the  trend 
noted  and  to  define  a separate  factor  for  cylindrical  bearings 
if  the  data  warrant. 

One  major  shortcoming  defined  by  the  data  base  is  the  current 
inadequacy  of  life  estimates  obtained  from  element  test  series. 
While  major  analytical  work  is  required  to  correct  the  predictive 
deficiencies,  the  data  could  be  treated  to  yield  correlation  fact- 
ors which  could  be  applied  to  specific  types  of  element  test  gen- 
erated data  to  provide  more  adequate  extrapolations  for  bearing 
applications.  Judging  from  the  amount  of  element  test  data  in- 
cluded in  the  data  base,  this  would  be  an  extremely  important 
value  to  have  available  for  future  use.  However,  this  analysis 
is  beyond  the  scope  of  the  work  currently  contemplated  in  Phase 
T I . 


B . Future  Bearing  Tests 

The  amount  of  data  collected  to  date  on  VIMVAR  processed  M-50 
tool  steel  is  insufficient  to  allow  a satisfactory  statistical 
estimate  of  the  material  factor  for  this  steel  variety  by  itself. 
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Since  this  is  now  the  primary  aerospace  bearing  material,  the 
accumulation  of  additional  bearing  life  test  data  is  warranted 
in  order  to  improve  the  statistical  validity  of  the  material 
factor  estimate. 

Concurrently,  the  potential  influence  of  variations  in 
operating  conditions  on  bearing  life  will  be  explored  in  Phase  II 
by  conducting  tests  under  several  additional  sets  of  operational 
parameters . 

Phase  II  will  include  the  testing  of  a sample  of  ball 
bearings  of  VIMVAR  M-50  steel  under  several  speed  and  load  con- 
ditions using  two  different  jet  engine  synthetic  fluids  conform- 
ing to  MIL-L-23699  and  MIL-L-7808  government  specifications. 

It  is  expected  that  these  additional  data  will  augment  the  inform- 
ation now  available,  and  provide  the  necessary  means  to  conduct 
a more  comprehensive  statistical  analysis  of  the  effect  of  these 
operational  parameters  on  ball  bearing  life.  However,  a similar 
type  of  study  on  line  contact  bearings,  which  is  also  required, 
is  outside  the  scope  of  that  follow  on  effort. 
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APPENDIX  B 


DMA  SOI.  1 0 1 I AT  ION  l.l.  Ill  II 


Address 


Dear  Sir: 


We  are  compiling,  under  a contract  to  AVRADCOM,  St.  Louis, 
rolling  contact  endurance  data  on  M50  tool  steel.  The  objective 
of  the  effort  is  to  determine  the  material  factor  with  which  to 
correct  the  catalog  life  predictions  for  this  steel. 

We  are  herewith  soliciting  any  data  and/or  reference  you 
can  contribute  on  M50  steel  obtained  either  in  element  (ball, 
disc,  washer)  or  full  scale  bearing  tests. 

Ideally  a full  set  of  test  particulars  would  be  most 
desirable,  but  we  can  make  use  of  the  data  even  if  some  details 
of  the  test  are  unspecified.  The  following  information  is 
desit  ed : 

(1)  Bearing  size  and  (operating  clearance)  or  test 
element  geometry 

(2)  Material  melting  practice  (CVM,  VIMVAR,  etc.) 

(3)  Type  and  Magnitude(s)  of  Loading 

(4)  Speed 

(5)  Operating  Temperature 

(6)  Lubricant  Type 

(7)  Lubricant  viscosity,  at  operating  temperature 

(8)  Method  of  Lubricant  Supply  (circulating  oil,  drip 

feed,  etc.) 

(9)  Life  at  failure  or  test  suspension  of  each  specimen 

(10)  Surface  finish  of  each  ring  and  the  rolling  elements 
Our  approach  will  be  to: 

(1)  Recalculate  Lio  life  if  necessary  using  the  method 
of  maximum  likelihood. 
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(3)  Calculate  a lubricant  film  based  upon  a calculated 

ratio  of  film  thickness  to  surface  roughness  ration. 


The  material  factor  will  then  be  calculated  for  each  test 
group  by  dividing  the  estimated  LiO  life  by  the  product  of  the 
catalog  life  and  the  lubricant  film  correction  factor. 


We  intend  to  observe  whether  estimated  material  factor 
varies  systematically  with  other  factors. 


We  feel  that  this  study  will  be  quite  illuminating  and 
useful  if  sufficient  data  can  be  assembled. 


(2)  Calculate  "catalog  type"  life,  but  accounting  for 

combined  load  and  centrifugal  effects  via  a load  dis- 
tribution computer  program  we  have  developed. 


DATA  SOURCES  M-50  STEEL  ENDURANCE  TESTS 
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3.21415 

1.16569 

1.16569 

317 

1.01333 

£841.00330 

11.30000 

2.00000 

1.00000 

300.00300 

5.51200 

1*40300 

12.46030 

20.00303 

4.00000 

274.98999 

1.64300 

7.22223 

7.44541 

9.29147 

2.972*2 

321 

l.riioo 

7*11. 13130 

11.10000 

2.00000 

1.00000 

320.00000 

4.72400 

2.23003 

23.5:T1 

23.01J30 

13.03000 

302.00000 

1.70300 

8.45454 

4.38  0 32 

19.20158 

1.47712 

322 

1.00000 

7412.00300 

11.03000 

2.00030 

1.00000 

320.00000 

4.72400 

2.21101 

15.2K20 

3:*ooc?i 

23.03900 

159.00000 

1.67030 

8.36363 

3.57479 

25.48373 

1.27419 

323 

1. CO  0 03 

7413.30320 

<1.30000 

2.00000 

1.00000 

363.00000 

4.72400 

2.23100 

7.53100 

43.00000 

24.00000 

33.00009 

3.32000 

8.27273 

3.79895 

32. 13536 

1.33472 

32* 

1.10030 

7611.03101 

11.00303 

4.00000 

1.00000 

320.00000 

4.72430 

.?  • 2 0 ? 3 C 

25.92000 

30.00000 

. 1.00000 

2730.00000 

2.10900 

3.72727 

43.49525 

3.77255 

3.77265 

' 

325 

1.03120 

7512.00000 

n. 50030 

4.00000 

1.30003 

320.00009 

4.72400 

2.2C0J3 

15.»00?0 

3C.300C0 

6.00005 

2400.00000 

2.10000 

6.10182 

34.71141 

24.23421 

4.53957 

3 26 

1.00030 

7642.60030 

10.00000 

2.00003 

1.00000 

300.00000 

1.34300 

6.50201 

23.10995 

4.00000 

3.00000 

43.42000 

l.otooq 

6.71428 

9.10000 

2.22*35 

5.00000 

1.43571 

14.79999 
2.70903 

23.79999 
2.90558 

22.59999 
2.51910 

12.00000 

1.35000. 

12.00030 
1. 35003 

12.40000 
2.49114 

19.29999 
2.7557* 

14.40000 
0.95043 

45.89999 

2.41723 

13.40008 

0.94030 

90.59999 
2.94438 

36.79999 
2.441ST_ 

101.59999 

3.00089 

13.30000 
2.79333 

18.39999 

2.93382.. 

18.39999 

2.92395. 

18.20088 

2.91309 

8.21019 

2.39491 

13.60088 
_ 2.67473_ 

42.29999 
2.73591  , 


3 *6 8 42 5 

-1.12683 

-3.37563 

327 

1.0)0?* 

7642. J000Q 

1 3.0033C 

2.30300 

2.0G000 

300*00000 

1.38000 

*2.29999 

6*33  353 

23.1 3°99 

10.00 COO 

3.000C3 

194.20999 

16. 0*3*9 

6.71*26 

2.735*3 

3.Q721  « 

5. 36716 

1.12239 

333 

1.330?? 

73 1 1 . ? •?  000 

11.00200 

4.20300 

1 .30000 

460.0C000 

*.33100 

1.30000 

3.403V' 

i.32C0P 

6 • 0 0 3 0 0 

2.30303 

5. 70000 

1.59033 

0.36111 

0.20000 

33.337 *2 

4.99347 

3.49674 

331 

7812.00000 

11.00000 

-0.0 

1.00000 

*60. OCCOO 

2.36200 

1.00000 

6.63000 

i.OMnoo 

8.00000 

4. 0 COO  0 

0.7203C 

0*56000 

0.15152 

. 0.20000 

1 •!&<)**  5 

0.62402 

2.15600 

332 

1 . C o 3 r ? 

7S15. J0003 

11.23020 

-0.3 

1.00003 

*60.00000 

2.36200 

1.00000 

3.4:?30 

T.>??c 

9 • 0 C 0 2 3 

2.00003 

6.24000 

o.  /rooo 

0.27778 

0.20300 

1 J. 12 737 

♦.6309a 

'’.3154  9 

53  5 

l.bO J96 

7821. 3CD00 

12.20202 

2.0C0C0 

1.00000 

0.0 

1.57*00 

2.90900 

5. ?*  00C 

:: .22000 

52.02703 

22.03003 

6.1000C 

0.5*000 

0.33898 

0.20000 

2.  72321 

2 • C 398  7 

l. 73181 

334 

1. 03003 

7*22.200  ’P 

13.02003 

2.90900 

1.00000 

0.0 

1.57*00 

2.00000 

b . .?  •)  3 C Q 

1 1.20)00 

<>b.  003  00 

23.0C000 

5.30000 

o.ssooo 

0.38*62 

0.20000 

1.4 7321 

•3.91175 

3.38745 

33: 

l.  vo: 

? « 4 1 • C 3 .1 3 C 

14.000 oc 

2.0U3C0 

1 .occoo 

230.00000 

3.34600 

7.90000 

b • ? 3 3 :•  0 

9-. 59302 

47.23 3 *3 

11.03300 

37.45)9? 

1.62000 

1.58000 

1.48600 

:.2?4f i 

-1 3.31492 

-1.21063 

3 34 

1 • 3 3 3 J 3 

7842.33030 

14.09002 

2.3CC03 

1.00000 

270.00000 

2.75600 

3.10000 

v: 

1 0.45439 

1*3. 23233 

17.20023 

19.76999 

2.»*000 

9.62000 

0.21500 

4.44625 

25.51 726 

1.50132 

«!? 

i. ?c :?j 

? ) : ; . c c ) 1 2 

11.33022 

4.00300 

1.0003? 

260.00300 

1.7T1C0 

1*. 30000 

7.  ’coo: 

122.00200 

17.32030 

12 .03  030 

59.03000 

l.OCOOO 

1.98611 

2.17639 

T.?2?21 

-1 c. J4149 

-1 .49415 

3*53 

1.3'»030 

7 > 1 7 • r‘  2 3 ? P 

10.20C02 

4.2C2C0 

1.00000 

*SO.OCOOO 

1.17700 

27.50000 

4.5COOO 

10. 9P  3 0 0 

7;. 00003 

1-.3C0C0 

64*20000 

2.6COOO 

2.89*7* 

2.30000 

2.36)83 

14.92576 

3.94033 

33? 

1.00303 

7712.2C0C 3 

12.2)220 

1.30003 

1.20300 

270.00000 

1.77103 

21.59959 

3.40003 

5.  ;*.0P9 

1 4.30  303 

2.33000 

314.00000 

0.b*000 

*.00900 

2.42600 

33. 4*357 

0.9*344 

3. 4*197 

. 
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APPENDIX  E 

DATA  BASE  FOR  ELEMENTS 


>IU*9E9 

4EIJ“T 

1 RZF 

2 1 7 PC 

3 

MAT 

* PROC 

5 STRESS 

6 SIZE  - - 

14  

a si*.*) 

j L10TM 

10  *J 

11 

A 

12  L 1 OCX 

13  BETA 

1*  H/SI0 

15  f ILIAC 

13  HT«-Ar 

1/  JTFAC 

In  L034AT 

1 

1.33030 

iocs. oocoo 

1.00C01 

2*00300 

1.00300 

800.00000 

0.37500 

0.70003 

13.13023 

1.2 1455 

4.00003 

*.0030 

5.25033 

*.28300 

0.05785 

0 .20003 

12?. 9*627 

19.22742 

4.91666 

2 

1.33300 

1 3 34. 00000 

1.33090 

2.00000 

1.03009 

700.00000 

0.3  7 500 

0.30000 

12.1C300 

0.69*44 

10.00930 

10.00303 

0.93000 

*.27330 

0.02*79 

0.20000 

i. 66765 

18.95766 

1.89577 

3 

1.30333 

ICO 3.CLOOO 

1.99030 

2.00300 

1.90000 

700.00000 

0.37500 

0.33000 

12.13000 

0.69844 

1 9.003C0 

13.00303 

1.29003 

5.11000 

0.02*79 

3.20093 

7.2J081 

22.229  78 

2.2229-. 

* 

1.33333 

1006.00C30 

1.0003? 

2.00003 

1 .30023 

700.00000 

0.37500 

0.60301 

12.13333 

3.!i9*44 

5.00003 

*.00009 

2.8*000 

S.630C0 

0.0*959 

0.20000 

20.35387 

15.06070 

3.C1214 

5 

1.03303 

1307.00000 

1.09300 

2.00003 

1.00000 

700.00000 

0.37500 

0.63030 

12. 13232 

3.69S44 

6.93C00 

6.33303 

2.87030 

5.8V903 

0.0*959 

0.20000 

20.5»V'<> 

IH.125H8 

3.02265 

s 

l. 00300 

1004.00030 

1.C30C9 

2.00000 

1.00000 

700.0C003 

0.37500 

0.70003 

12.13323 

J.  £*-<4  4 

10.0030? 

10.3C3CC 

3.81003 

7.95PC0 

0.05785 

0.20003 

27.27**3 

3 %?  5 -*46 

3.30597 

7 

1.33020 

1009. OCmO 

1.30032 

2.33000 

1.90000 

700.01*030 

3.37500 

0.70003 

12.13303 

0 • j 7 - •*  4 

12.31  JV 

i:.:.oc> 

2.7*303 

3.83300 

-3.3578  5 

0.20000 

1 >.61521 

?9.  7 6 2 3 4 

2. *762- 

* 

1.3  3323 

l ? i o.*:o:o 

1.00990 

2.00303 

1.00330 

700.00000 

0.37500 

0.300CO 

12.133:3 

3.69*44 

10.9**80: 

13.03003 

3.95009 

5.9*233 

0.32*79 

0.20300 

5.3877 j 

15.35S18 

1.80582 

3 

1.0  '.333 

1 J 1 1 . 3 3 J 3 0 

l.COQfK 

2.06H3 

1.33003 

700.0C203 

0.37500 

0.33000 

12.103'1 

44 

13.3:303 

10.70337 

3.92000 

5**1300 

3.02*79 

0.20903 

£.6  )*'8 

li. 

1 • 0 *>496 

>3 

1 . 0 ' 3 ' 3 

i no.  coo  :c 

1 • ? 090? 

2.00303 

1.02000 

700.02203 

0.37500 

0.62303 

12.1011? 

J • 6 9 « 4 4 

10.3090: 

10.30303 

1.9  3303 

5. *1000 

0.0*959 

0.20020 

1 l.l’O';** 

2s:.  7?v52 

2.5726-: 

i: 

1. 20  333 

i j 1 3 . : j o : c 

1 . C C 0 0 3 

2.30303 

1.32303 

700.3c: 30 

0.37500 

0.60300 

u.no:: 

10.  *0  03? 

13.70300 

1.28330 

5.9*003 

0.3*959 

0.20300 

i.14'2? 

■?4«151*6 

3.2159: 

■ *> 

1.323:2 

' L'».00"!'CI 

i.eroes 

2.30  307 

1.00303 

700. 00330 

0.37500 

0.60CC3 

1 2. 10313 

n. 69^44 

1 3.90  330 

1C.CCC03 

1.30000 

5.25700 

3.04959 

0.20003 

7.  5’55> 

c ? . 3 0 6 V 9 

2.2737C 

13 

1.333:3 

i j 1 :•  C 0 0 0 0 

1 • : : 3 3 : 

2.30  30  7 

1.30302 

730.01330 

0.37503 

0.60020 

1 . 1 7 1 C ’ 

: • s ) • 4 4 

1 : . : 0 ? • 

13.03  'C  3 

1.0)320 

2.1*730 

0.0*959 

0.20C33 

20  • *5-»36 

2.3359: 

13 

1. 03323 

i Ji6.:aooo 

1.::::: 

2.20303 

1.00309 

730 .30  30  3 

0.37500 

0.60000 

12.10333 

0.63444 

3.3:202 

8.00000 

1.31330 

3.71100 

0.0*959 

0.20003 

7.57777 

17,706  *1 

?.  23*336 

13 

1.J122C 

1017.3000C 

1.0 2 IOC 

2.303C0 

1.00000 

700.0C300 

0.37500 

1.60008 

13.10033 

0.69944 

lc.oiaQ*: 

10. 00303 

1.91001 

*.73000 

0.0*959 

0.20000 

1 5.57524 

26.15440 

2.61544 

13 

1.C3033 

1318.DC0C0 

1.3390? 

2.30203 

1.30032 

7CO.OCCOO 

3.37500 

0.60300 

13.137.'  ' 

0.69944 

2 : • ? : ? 8 : 

10.  7320.7 

1.5*003 

5.5*300 

0.0*959 

0.20001 

11.3244C 

24.00119 

9.4031? 

17 

1.03300 

1019.00000 

1 . J * JO  3 

2.70003 

1.30033 

700.01030 

0.37530 

0.60003 

1 '.1330 J 

0.69944 

3.90000 

3.00003 

2.6*033 

3.92323 

0.049S9 

0.23033 

I I.  '9)12 

9.91735 

2.91412 

H 

1 . ^ 3 2**  ' 

1 "•  2 J . .V?  JO 

1.293P? 

2.30300 

1.03390 

700.01300 

0.37500 

0.10009 

12.10333 

0. 49^44 

5.00090 

3.30003 

0.**92C 

1.35300 

3.02*79 

0.20000 

5.l*9i:. 

t • 4 4 20  7 

1.  14  734 

17 

1.3 j a : 3 

l c o i . : o c o 

1 • 8 c a s 0 

2.30003 

1.99090 

7oe.cc7:a 

3.37500 

0.30000 

1 7.133-  ) 

?. 49344 

ic.ho?: 

1 2 .32  70  7 

0.79000 

9.62100 

3.02*7* 

0.21100 

5.655«? 

l 7. 32614 

1.73261 

21) 

1. 00330 

1192.10001 

1 .191.1.' 

7. .103*3 

1 .nnnin 

*10.11111 

n. )7*nn 

1. 91111 

IBIS  PAQS  IS  Sisf  4UAli  1ft 
mm  ®urx  puwkisH®  to  ddc  — > 


*Vv  : % *?A"  - 


t 


5 

l 


! 


I 


* 

12.13303 

0.41300 

13.03003 

13.00000 

olmoo 

9.56000 

0.02479 

0.20000 

3.13352 

1 7.437h2 

1.34379 

* 

21 

1*00003 

1923*03009 

uorcoo 

2.00000 

1.00000 

680*0  J 000 

0.37500 

0.30000 

12.13000 

7.91 303 

10.30303 

10.00303 

0.51003 

5.72300 

0.02479 

0.20000 

2.73399 

13.27113 

1.02711 

22 

1.00300 

1324*20000 

1.20000 

2.00000 

1.00005 

70C.OC000 

0.37500 

2.50000 

12.13003 

?*89*  44 

5.77033 

5.00000 

5.51003 

3.52300 

0.20661 

3.20000 

59*4447* 

1 **37450 

3.6749C 

23 

1.30300 

1025.00000 

1.03000 

2.30003 

1.30000 

700*00000 

0*37500 

2*50000 

12*10000 

0.69644 

5.00900 

5.30000 

6.16070 

. 5.71000 

0.20661 

0.20000 

44.09795 

1 1. 93207 

3. 79641 

24 

1*90000 

1025.00000 

1.02100 

2.00000 

l.QOCOC 

700.00004 

— 0.37500 

3.30003 

12.10003 

0.69844 

13.30070 

15 .0035  3 

2.15003 

3.29000 

0.02479 

0.20000 

23.25929 

30.01614 

3.03261 

25 

1.30000 

1927*00000 

1*99300 

2.03000 

1.00003 

700.00000 

0.37500 

0.30000 

12.10303 

J. 69444 

n.  20002 

12.00009 

2.529CC 

4,76000 

0.02479 

0.20009 

H.  34007 

24.92595 

2.9  >263 

2% 

1.03000 

1324.00000 

1.30003 

2.3C003 

1.30303 

703.00000 

0.37500 

0.30000 

12.13003 

C. 69844 

10.00003 

1C. 00700 

1.41003 

3.99000 

0.02479 

o.£o0oo 

1 3.09365 

2 3.11  926 

2. 51193 

27 

1.030C3 

102  9.C3000 

1.03000 

2.00000 

1.00070 

700.00000 

0.37500 

0.30000 

12.130C0 

1*6*844 

n . 2 2 0 2 0 

13.00009 

0*49000 

l.bSOUO 

0.02479 

0*20009 

3.50774 

1 -.  5 49-7 

1.25491 

2* 

1.03303 

1'3:.S323C 

1. 0^000 

2.QU009 

1.0C303 

700.0C000 

0.37500 

0.30003 

12*19050 

0.60 ->44 

10*02000 

9.00777 

3.99003 

1.3="00 

0.02479 

0.20000 

6.37133 

16.86621 

1*65193 

29 

l.:0303 

1331.05330 

1.3000  3 

2.00005 

1.00C00 

700.00000 

0.57500 

' 0.300C0 

12.1330 

2 • £ ^ 8 4 4 

11.03033 

1 9 *0C?0  5 

2.51003 

4.46030 

0.02479 

0.20000 

n.**8  ^ 

2-J.18125 

.2*9161  J 

3n 

i • o : o : o 

1332. 300C0 

1.77303 

2.3C0C9 

1.30000 

700.70300 

0.37500 

0.30030 

12.103"3 

3*£9*44 

6.0500J 

6.00373 

1.64035 

l.bVOOfl 

0.02479 

0.20003 

11.74357 

14. 77470 

2. 41-377 

31 

1.37035 

1033.50300 

1.03003 

2.3C3C J 

l.OOGCO 

700.00000 

0.37500 

0.30000 

i2.i  j j:: 

9 . f>  •*  - 4 4 

1 J • G 3 0 0 C 

1C*3C001 

2.67005 

8.84000 

3.02479 

0.20000 

ll.IUH 

29.45415 

2.95042 

32 

1.33375 

i 1 ?4*3: 3?n 

1 . * ” 0 2 2 

2.003C7 

1.00000 

703.00300 

3.37500 

0 *30003 

12«193C J 

*'.r9l»4A 

10.03000 

ir. ooooo 

2.28000 

8.11000 

3.02479 

0.20080 

U.52l‘»-« 

27.  •>  r -j  1 1 

7.7=251 

33 

1.73335 

1535.50  333 

1 .033 J 3 

2.0C0C9 

1*00009 

700.37005 

0.37500 

o.jpcoo 

12.15  155 

3 • C 9 i 4 4 

15.33700 

ir. 00057 

2.70007 

6.3»CJ0 

3.02479 

0.20000 

1 3.32  ir  :> 

m 

2.36159 

D 

1 • J 0 3 C 0 

1 1 in  * j1,  J 3 

1.00000 

2.00300 

1 .0100? 

730.00000 

0.37500 

0.70000 

15. 1-7  352 

> • *? ® 1 4 

5. "33-3 

5.303C7 

5.06033 

2.42000 

0.05785 

0.200C9 

38.22554 

1 7.  2 

3.5*970 

35 

1.37 305 

1377.33330 

1.73073 

2.CJ3C0 

1.02305 

700.00003 

0.37500 

0.70000 

12*  1.13C? 

9*63\44 

« • C C 2 0 0 

5.00070 

19. 2699? 

4 * ®9C  00 

0.05785 

0.20000 

170.73354 

24. J-73* 

4.9  7 !6  J 

36 

1.33335 

13?  -.  50  330 

1.03077 

7.C0303 

1.00000 

700.CC900 

0.37509 

0.30000 

12.13300 

2.69*44 

10.70350 

1.5.50303 

2.14503 

7.02000 

0.02479 

0.20000 

15.31975 

27.39141 

2 .7 "9 14 

37 

1.00703 

1039.03000 

1.03303 

2.00700 

1*00000 

700.00000 

0.37500 

0.30000 

12.13000 

3.69644 

1 J.3CJ03 

10.00000 

1.91005 

6*44900 

0.02479 

0*20000 

12.57324 

26.15442 

2.41544 

34 

1.03000 

1040.00000 

1.30030 

2.50000 

1.35032 

703.31000 

0.37500 

3.3C030 

12.13300 

3.69*44 

1 2 . C 1 0 3 0 

ic.Mono 

2.5200: 

5.01000 

0.02479 

0.20003 

14.34  33  7 

21.92595 

2.9->255 

3? 

1.30  303 

1541.33000 

1.C733C 

2.050C9 

1.00C05 

7C0.0C00Q 

0.37500 

0.30033 

12.1300 J 

0.69-744 

5. '33  33 

4.30001 

6.54003 

6. 76703 

0.02479 

3.20000 

47.^205* 

19.33727 

3.96746 

43 

1 * C ) 3 C 2 
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